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Abstract. This paper forms part of a larger work where we prove a conjecture of Deser
and Schwimmer regarding the algebraic structure of “global conformal invariants”; these are
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1 Introduction

The present paper complements the monograph [3] and also [1, 2, 4, 5] in proving a conjecture of
Deser and Schwimmer [15] regarding the algebraic structure of “global conformal invariants”?.
Here we provide a proof of certain lemmas which were announced in the second chapter of [3].
The proofs of these claims do not logically depend on material appearing elsewhere in this entire
work.

For the reader’s convenience, we briefly review the Deser—-Schwimmer conjecture.

We recall that a global conformal invariant is an integral of a natural scalar-valued function
of Riemannian metrics, | 1n P(9)dVy, which remains invariant under conformal re-scalings of
the underlying metric2. More precisely, P(g) is assumed to be a linear combination, P(g) =
> e aiCl(g), where each C'(g) is a complete contraction in the form:

contr' (VMR ® - @ VI™IR). (1.1)

Here each factor V™ R stands for the m" iterated covariant derivative of the curvature ten-
sor R. V is the Levi-Civita connection of the metric g and R is the curvature associated to this
connection. The contractions are taken with respect to the quadratic form ¢”. In the present
paper, along with [3, 5] we prove:

Theorem 1.1. Assume that P(g) = > ,c; aiC'(g), where each C'(g) is a complete contraction
in the form (1.1), with weight —n. Assume that for every closed Riemannian manifold (M™,g)
and every ¢ € C°(M"):

/ P(ewg)dVemg:/ P(g)dVy.

LA formulation of the conjecture which is closer to the mathematical terminology used here can also be found
in [23].

2See the introduction of [3] for a detailed discussion on scalar Riemannian invariants and on applications of
the Deser—Schwimmer conjecture.
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We claim that P(g) can then be expressed in the form:
P(g) = W(g) + div;T"(g) + (const) - Pfaff(R;jx). (1.2)

Here W (g) stands for a local conformal invariant of weight —n (meaning that W (e*?g) =
e "W (g) for every ¢ € C®(M™)), div;T(g) is the divergence of a Riemannian vector field
of weight —n+ 1, Pfaff(R;;x;) is the Pfaffian of the curvature tensor, and (const) is a constant.

Remark. The notion of a “global conformal invariant” is closely related to the algebraic
structure of conformal anomalies®, which were the motivation of Deser and Schwimmer [15] (see
also especially [23]); however the two notions are not identical: very broadly speaking, a confor-
mal anomaly represents the failure of an action that depends on a metric g to be conformally
invariant. A well-studied such anomaly (which directly gives rise to the global conformal inva-
riants we study here) is considered in [23] in the context of the AdS-CFT correspondence; it
is the renormalized volume A of a Poincaré-Einstein metric (X"*1, h) with conformal infinity
(M™,[g]), when n is even. In that setting if ¢ = 2¢g, then A(g) = Jan P(g)$dVy. Furthermore
as noted by Henningson-Skenderis [23], the integral [}, P(g)dV, is a global conformal invariant
in the sense described above. (This fact was noted in [23] on general grounds; Graham in [21]
showed the conformal invariance of [}, P(g)dVy by explicitly studying the conformal variation
of the renormalized volume.) Thus, the decomposition (1.2) that we derive for P(g) corresponds
to a decomposition of the integrand in the conformal anomaly; this conforms with the stipulation
of [23]%.

We now digress in order to discuss the relation of this entire work (consisting of the present
paper and [3, 4, 5]) with classical and recent work on local invariants in various geometries.

Local invariants and Fefferman’s program for the Bergman and Szeg6 kernels.
The theory of local invariants of Riemannian structures (and indeed, of more general geometries,
e.g. conformal, projective, or CR) has a long history. The original foundations of this field were
laid in the work of Hermann Weyl and Elie Cartan, see [26, 14]. The task of writing out local
invariants of a given geometry is intimately connected with understanding which polynomials in
a space of tensors with given symmetries remain invariant under the action of a Lie group. In
particular, the problem of writing down all local Riemannian invariants reduces to understanding
the invariants of the orthogonal group.

In more recent times, a major program was initiated by C. Fefferman in [16] aimed at finding
all scalar local invariants in CR geometry. This was motivated by the problem of understanding
the local invariants which appear in the asymptotic expansions of the Bergman and Szegd
kernels of strictly pseudo-convex CR manifolds, in a similar way to which Riemannian invariants
appear in the asymptotic expansion of the heat kernel; the study of the local invariants in the
singularities of these kernels led to important breakthroughs in [8] and more recently by Hirachi
n [24]. This program was later extended to conformal geometry in [17]. Both these geometries
belong to a broader class of structures, the parabolic geometries; these are structures which admit
a principal bundle with structure group a parabolic subgroup P of a semi-simple Lie group G,
and a Cartan connection on that principle bundle (see the introduction in [12]). An important
question in the study of these structures is the problem of constructing all their local invariants,
which can be thought of as the natural, intrinsic scalars of these structures.

In the context of conformal geometry, the first (modern) landmark in understanding local
conformal invariants was the work of Fefferman and Graham in 1985 [17], where they introduced
their ambient metric. This allows one to construct local conformal invariants of any order in

3These are sometimes called Weyl anomalies.
4See also interesting work of Boulanger in [10] on Weyl anomalies which satisfy the Wess—Zumino consistency
conditions.
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odd dimensions, and up to order § in even dimensions. A natural question is then whether all

invariants arise via this construction.

The subsequent work of Bailey—Eastwood—Graham [8] proved that this is indeed true in odd
dimensions; in even dimensions, they proved that the result holds when the weight (in absolute
value) is bounded by the dimension. The ambient metric construction in even dimensions was
recently extended by Graham—Hirachi, [22]; this enables them to identify in a satisfactory manner
all local conformal invariants, even when the weight (in absolute value) exceeds the dimension.

An alternative construction of local conformal invariants can be obtained via the tractor
calculus introduced by Bailey—Eastwood—Gover in [7]. This construction bears a strong resem-
blance to the Cartan conformal connection, and to the work of T.Y. Thomas in 1934 [25]. The
tractor calculus has proven to be very universal; tractor bundles have been constructed [12] for
an entire class of parabolic geometries. The relation between the conformal tractor calculus and
the Fefferman—Graham ambient metric has been elucidated in [13].

The present work, while pertaining to the question above (given that it ultimately deals
with the algebraic form of local Riemannian and conformal invariants), nonetheless addresses
a different type of problem. We here consider Riemannian invariants P(g) for which the integral
Jam P(9)dVy remains invariant under conformal changes of the underlying metric. We then
seek to understand the algebraic form of the integrand P(g), ultimately proving that it can be
de-composed in the way that Deser and Schwimmer asserted. It is thus not surprising that the
prior work on the construction and understanding of local conformal invariants plays a central
role in this endeavor, both in [3] and in the present paper.

Index theory. Questions similar to the Deser—Schwimmer conjecture arise naturally in index
theory; a good reference for such questions is [9]. For example, in the heat kernel proof of the
index theorem (for Dirac operators) by Atiyah-Bott—Patodi [6], the authors were led to consider
integrals arising in the (integrated) expansion of the heat kernel over Riemannian manifolds of
general Dirac operators, and sought to understand the local structure of the integrand®. In
that setting, however, the fact that one deals with a specific integrand which arises in the heat
kernel expansion plays a key role in the understanding of its local structure. This is true both
of the original proof of Patodi, Atiyah-Bott—Patodi [6] and of their subsequent simplifications
and generalizations by Getzler, Berline-Getzler—Vergne, see [9].

The closest analogous problem to the one considered here is the work of Gilkey and Branson—
Gilkey—Pohjanpelto [19, 11]. In [19], Gilkey considered Riemannian invariants P(g) for which the
integral [ 1n P(9)dVy on any given (topological) manifold M™ has a given value, independent of
the metric g. He proved that P(g) must then be equal to a divergence, plus possibly a multiple of
the Chern—Gauss—Bonnet integrand, if the weight of P(g) agrees with the dimension in absolute
value. In [11] the authors considered the problem of Deser—Schwimmer for locally conformaly
flat metrics and derived the same decomposition (for locally conformaly flat metrics) as in [19].
Although these two results can be considered precursors of ours, the methods there are entirely
different from the ones here; it is highly unclear whether the methods of [19, 11] could be applied
to the problem at hand.

We next review the postponed claims that we will be proving here.

In Section 2 we recall from [3] that P(g) is thought of as a linear combination of complete
contractions involving factors of two types: iterated covariant derivatives of the Weyl tensor
and iterated covariant derivatives of the Schouten tensor®. In other words, we write P(g) =

5We note that the geometric setting in [6] is more general than the one in the Deser—Schwimmer conjecture:
In particular one considers vector bundles, equipped with an auxiliary connection, over compact Riemannian
manifolds; the local invariants thus depend both on the curvature of the Riemannian metric and the curvature of
the connection.

SWe refer the reader to the introduction of [3] for a definition of these classical tensors. The Weyl tensor is the
trace-free part of the curvature tensor and is conformally invariant, while the Schouten tensor is a trace-adjustment
of the Ricci tensor (and is not conformally invariant).
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> e wCl(g), where each C!(g) is in the form (1.3) below. (Recall from the introduction in [3]
that all complete contractions in P(g) are assumed to have weight —n.)

In Section 2 we prove certain special cases of Propositions 2.3.1, 2.3.2 from Chapter 2 in [3]
that were postponed to the present paper; these are contained in the next lemma:

Lemma 1.1. Let P(g) be a Riemannian invariant of weight —n such that the integral [P (g)dVy
is a global conformal invariant. Assume that P(g) is in the form P(g) = > ,c; aiC'(g), where
each C'(g) is a complete contraction:

contr(VWW @ - @ VMW e v@pg ... v p). (1.3)

Let ¢ > 0 be the minimum number of factors among the complete contractions C'(g), | € L.
Denote by L, C L the corresponding index set. We then claim that if o < 2, there exists a local
conformal invariant W (g) and a Riemannian vector field T*(g) such that:

P(g) = diviT*(g) + W(g) + Y _ aiC'(9),
ler’!

where each C'(g), | € L' in the r.h.s. is in the form (1.3) and has at least o + 1 factors in total.

In Section 3 we prove the remaining claims for Lemmas 2.5.4, 2.5.5 from Chapter 2 in [3].

Recall the setting and claim of Lemma 2.5.4 in [3]. We recall some definitions. Recall
first that given a P(g) for which [ ., P(g)dV, is a global conformal invariant, we let I3(¢) to
be the st conformal variation of P(g): I§(¢) = Felimoe™OP(e*g). IS (Y1, ... ) is obtained
from I(¢) via complete polarization:

dS

Ig(¢17"'7w8) = ﬁ

I3\ -ahp + -+ Ag - 1),

A1=0,...0s=0 ¢

We recall that since | 1 P(9)dVy is a global conformal invariant,

/ Er,...,1s)dV, =0
MTL

for all1y, ..., s € C°(M™) and all metrics g. We also recall that by virtue of the transformation
laws of the curvature tensor and the Levi-Civita connections under conformal transformations,
I3 (11,...,1s) can be expressed as a linear combination of complete contractions in the form:

contr(vfl"‘fyv(ml)Rijkl ® - ® Vgl'“gpv(mT)Rijkl
® vylmywv(dl)RiCij Q- ® vmlmﬂfpv(dq)RiCij
® V(u...atl V(u1)¢1 R Q vcl---cts V(US)ws)a (14)
(

with the conventions introduced in Chapter 2 in [3]7 In each factor V/1-fv VTT,),TW R;j11, each of
the upper indices /1, ..., /v contracts against one of the indices ris- -1, While no two of the in-

dices ,,,...,; contract between themselves. On the other hand, for each factor V¥4tV a ~au¥h,
each of the upper indices ¥1, ..., Y contracts against one of the indices 4,,...,q,- Moreover, none
of the indices 4, , .. ., q, contract between themselves. For the factors V¥1-%» ng_)._tu Ric;;, we im-
pose the condition that each of the upper indices *1, ..., " must contract against one of the lower
indices ¢,,...,¢,,i,j. Moreover, we impose the restriction that none of the indices ¢,,...,¢,,4,;
contract between themselves (this assumption can be made by virtue of the contracted second

Bianchi identity). We recall some important definitions:

"Note in particular that r is the number of factors V(m)Rijkl, g is the number of factors V(Y Ric, and s is the
number of factors V(“)z/)h.
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Definition 1.1. We recall that for complete contractions in the form (1.4), ¢ stands for the
number of internal contractions®, where we are also counting the internal contraction (%,,) in
each factor V(p)Ricij = V(p)R“iaj and the two internal contractions in each factor R = R% .
We also recall that for such complete contractions, |A| stands for the total number of factors Ay,
and R in (1.4). We also recall that a complete contraction in the form (1.4) is called “acceptable”
if each factor 1)y, is differentiated at least twice. Also, partial contractions in he form (1.4) are

called acceptable is each v, is differentiated at least twice”.

Furthermore, we recall that among the complete contractions contr(- -+ ) in I5(¥1, . .., 9s) with
the minimum number ¢ of factors in total, ¢ is the minimum number of internal contractions.
We also recall a definition we have introduced for complete contractions of in the form (1.4):

Definition 1.2. Consider any complete contraction Cy(¢1,...,%,) in the form (1.4) with o
factors. If Cy()1,...,1s) has ¢ = 0 and 6 = p it will be called a target. If C’é(@bl, ...,1s) has
g =0 and é > u, it will be called a contributor.

If Cy(41,...,1s) has ¢ > 0 and § > p we call it 1-cumbersome. We call Cy(v1, ..., ;)
2-cumbersome if it has ¢ > 0 and § = p and the feature that each factor V- V&If?,mpRicij has
t > 0 and the index ; is contracting against one of the indices %1, ..., %.

Finally, when we say Cg(¢1, . ..,1,) is “cumbersome”, we will mean it is either 1-cumbersome

or 2-cumbersome.
Definition 1.3. We denote by ZjeJ ang(wl,...,q/)s) a generic linear combination of con-

tributors. We denote by ZfeF ang(ibl, ...,%s) a generic linear combination of cumbersome
complete contractions.

We have then derived in Chapter 2 in [3] that I7(41,...,1s) can be expressed in the form:
Igs(djla s ’d}s) = Z alc‘é’b(wla s ﬂvbs) + ZaJCg(wb te 71[)8)

leL, jed
—|—Zang(wl,...,ws)+(Junk). (1.5)
feFr

(We recall from Chapter 2 in [3] that 3./ alCé’L(wl, ...,¥s) in the above is a specific linear
combination of targets, which is in precise correspondence with a specific linear combination of
terms in P(g); the precise form of this correspondence is not important for the present paper,
so we do not dwell on this further.)

We also recall from Chapter 2 in [3] that for each ¢, 1 < ¢ < o — s, F?1 C F stands for the
index set of complete contractions with precisely ¢ factors V@®Ric or R. Recall that for each
complete contraction in the form (1.4) we have denoted by |A| the number of factors in one of
the forms Ay, R. For each index set F'¢ above, let us denote by F'?* C F? the index set of
complete contractions with [A| > ¢ —2, and F* = {J o F""

Important remark. We recall a remark made in Chapter 2 in [3] where we noted that any
C’g(@bl, ..., ¥s) with a > 0 factors R (of the scalar curvature) will have 6 > u + 2a.

The missing claim needed to derive Lemma 2.5.4 in [3] is then the following:

Lemma 1.2. There exists a linear combination of vector fields (indexed in H below), each in
the form (1.4) with o factors'®, so that modulo complete contractions of length > o:

> apCl(, . e) = divi Y anCri(, ) = Y ayCl (W, . ),

fEF™* heH yeyY

8We recall that an “internal contraction” is a pair of indices that belong to the same factor and contract
against each other.

9For future reference, we also recall that a partial contraction with one free index is also called a vector field.

0The vector fields in question are partial contractions in the form (1.4) with one free index and with weight
—-n+ 1.
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where the complete contractions indexed in 'Y are in the form (1.4) with length o, and satisfy
all the properties of the sublinear combination ZfeF -+« but in addition have |A| < o — 3.

The setting and remaining claims for Lemma 2.5.5 in [3]. Recall that in the setting
of Lemma, 2.5.5, our point of reference is a linear combination:

Yo(Wr, o) = > arCht (b, bs) + D a;CI(, .. s) + (Junk),

l€L, jeJ

with the same conventions as in the ones under (1.5). The remaining claims of Lemma 2.5.5
(the proof of which was deferred to this paper) are as follows:

Denote by Ly, C Ly, J* C J the index sets of complete contractions in Y, with |A[ > o — 2,
among the complete contractions indexed in L, J respectively.

Lemma 1.3. We claim that there exists a linear combination of vector fields (indexed in H
below), with length o, in the form (1.4) without factors VP Ric, R and with § = p so that:

S @Oy () — divi Y anCa T (L) | Vi Vi

leLy, heH

= Z angl]’ilmiu (¢17 cee ﬂps)vhv e viuvv

leL

where the complete contractions indexed in L are in the form (1.4) with no factors VPRic or R
and with |A| < o — 3.

In the setting L}, = @, what remains to be shown to complete the proof of Lemma 2.5.5 in [3]
is the following:

Lemma 1.4. Assume that Ly, = &, and J* is as above. We then claim that there exists a linear
combination of vector fields (indexed in H below) so that:

> aiCin, . ths) —divi Y anCpi(n, . ) = D ayCY(hn, .., bs),

jeJg* heH yey’

where the complete contractions indexed in'Y' are in the form (1.4) with length o, with no factors
V®Ric or R and have § > p+ 1 and in addition satisfy |A| < o — 3.

The setting and claims of Lemma 2.5.3 in [3]. Recall that P(g) = Y ,c; a/C'(g) is
assumed to be a linear combination of complete contractions in the form (1.3). Recall that o
is the minimum number of factors (in total) among all complete contractions C'(g); L, C L is
the corresponding index set. Also, s > 0 is the maximum number of factors V(® P among the
complete contractions C'(g) indexed in L,; we denote the corresponding index set by ©, C L'
We have defined P(g)le, = > _jco, a;Cl(g).

Special definition. If s = 0 — 2 then P(g)|e, is “good” if the only complete contraction
in P(g)|e, with o — 2 factors P? is of the form (const) - contr(A2 " 2ViW,;1, @ V' Wik, ®
(P2)°72) (when o < 2 —1) or (const) - contr(V! Wy ® Vi Wik @ (P*)7=2) when o = 51 1If
s =0 —1, then P(g)|e, is “good” if all complete contractions in P(g)|e, have oy +dp = % — 1.1

Lemma 2.5.3 in [3] claims:

"In other words, if there are complete contractions in P(g)|e, with éw + dp < % — 1 then P(g)|e, is “good”
if no complete contractions in P(g)|e, have o — 2 factors Pg.
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Lemma 1.5. There exists a divergence div;T*(g) so that

P(g)lo, — diviT'(g) = Y aiC'(g) + Y a;C'(g).

€@/, teT

Here each C*(g) is in the form (1.3) and has fewer than s factors V®)P. The complete con-
tractions indexed in ©', are in the form (1.3) with s factors V)P and moreover this linear
combination is “good”.

2 Proof of Lemma 1.1

We first observe that the claim is trivial when o = 1. In that case (modulo applying a cur-
vature identity and introducing longer correction terms), the sublinear combination P(g)|; will
be P(g)]y = (const) - A27'R (R is the scalar curvature). Thus, P(g)|; can be written as
(const) Vi (V;A272R).

The case ¢ = 2 is dealt with by explicitly constructing divergences of vector fields and
long calculations of one local conformal invariant, using the Feffeman—Graham ambient metric,
[17, 18]'2. We first consider the terms in P(g)|2 with two factors V(™ P,,. We will show that
we can explicitly construct a divergence div;7%(g) so that:

P(g)]2 — diviT"(g) = (const)| VE2PE + 3" ayC(g) + > auC(g), (2.1)
heH weWw

where the terms indexed in H have one factor V(™) Wik and one factor V(m/)Pab. The terms in-
dexed in W have two factors V(") Wijki- (The above holds modulo longer complete contractions,
as usual).

We explain how (2.1) is proven in detail, since the main idea will be used repeatedly through-
out this section. Let us first recall a few classical identities, which can be found in [3].

Useful formulae. Firstly, antisymmetrizing the indices ., 4 in a factor vﬁTTTQCPab,B gives
rise to a Weyl tensor:

1

V&T.t}icpab - vg"Tj_er)LaPCb = 3_ nvglrf.).rmswcabs‘ (22>

We also recall that the indices ;, ; and g, ; in each tensor VgT.)_TMWijkl are anti-symmetric.

Finally, we recall the “fake” second Bianchi identities from Chapter 2 in [3]. These are substitutes
for the second Bianchi identity for the tensor V,W;j.

Now, consider any complete contraction C(g) involving exactly two factors, V™ P, and

V™) Py So C(g) = contr(V(m)Pab ® V(m/)Pa/b/). We firstly show that by subtracting an
explicitly constructed divergence'* div,T%(g) = Z,If:l div;C%+(g) we can write:

Clg) — diviT"(g) = C'(9) (2:3)
(modulo terms with more than two factors), where C’(g) is some complete contraction involving

two factors Ty = V2P, T, = V(z=2 P, with the additional property that each of the 5
indices in the first factor contract against an index in the second factor, and vice versa.

12We refer the reader to Chapter 2 in [3] for a review of the ambient metric and and of the algorithm we employ
for computations.

!3This is the (m + 1)st iterated covariant derivative of the Schouten tensor, see [3] for details.

14 As allowed in the Deser—Schwimmer conjecture.
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Proof of (2.1). We construct the divergences needed for (2.3). Let us suppose that C(g) has M
pairs of indices (s,+) which belong to the same factor and contract against each other; we call
such contractions “internal contractions”. If M = 0 C(g) is in the desired form; thus we may
assume that M > 0. Firstly, by using the second contracted Bianchi identity V. P! = V,P?,
we may assume that if one of the factors v P in C(g) has m > 0, then the indices 4,
are not contracting against each other. After this, we construct the divergence by an iterative
procedure. Pick out any pair of indices 4, ; in C(g) which contract against each other and
belong to the same factor; assume without loss of generality that , is a derivative index'®. We
then construct a partial contraction C%¥(g) out of C(g) by erasing the (derivative) index ¢ and
making the index ¢ into a free index *. Observe then that (modulo complete contractions with at
least three factors), C(g) — div;C'¥(g) = C(g), where C(g) has M — 1 “internal contractions”.
Iterating this step M — 1 more times, we derive (2.3).

Now, consider C’(g) and consider the indices 4, ; in the factor 71 = V(%_Q)Pab. They contract
against two indices (say ¢, ¢4) in the factor 7. We then apply the curvature identity repeatedly
and also the identity (2.2) to arrange that the indices 4, , in 77 contract against the indices ., 4
in T5. The correction terms that arise by the application of the curvature identity have three
factors. The correction terms arising from (2.2) will be in the generic form >,z anC"(g) as
described below (2.1). [

Now, we will show that (const) = 0 in (2.1). We derive this easily. Consider I7(¢) (:=
%]tzo [e"? P(e%?g)]) and apply the super divergence formula to the above'S. We derive that

(const) - [V(2)¢|? = 0 (modulo longer terms). Therefore, (const) = 0.
Thus, we may assume without loss of generality that

P(g)la =Y anC™(g)+ > auC"(9),

heH weW

with the same conventions introduced under (2.1).
We next claim that we can explicitly construct a divergence diviTg’i such that:

Y anCh(g) — diviT"(g) = Y auC¥(9),

heH weW

where the terms indexed in W are of the generic form described above. The divergence needed for
the above is constructed by the same technique as for (2.3): In each C"(g) we iteratively pick out
the internal contractions in the factor V(m)mjkl, erase one (derivative) index in that contraction,
(thus obtaining a partial contraction with one free index) and subtract the divergence of that
partial contraction'”. After repeating this process enough times so that no internal contraction
is left in the factor V(m)Wijkl, we end up with a formula:

> apCh(g) — diviT"(g) = > a,C"(g).

heH reR

Here the complete contractions C”(g) in the r.h.s. are in the form contr(V (™) Wijk ® VP,
where all m + 4 indices in the factor V(™ Wik contract against the other factor v®P,. Now,

5This assumption can be made by virtue of the previous sentence and since we are dealing with complete
contractions of weight —n.

83ee the algorithm at the end of [1].

1"Sometimes, by abuse of language, we will refer to this subtraction of an explicit divergence as an “integration
by parts”.
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since the indices 4, , in Schouten tensor are symmetric and the indices ;, ; and j, ; are antisym-
metric, it follows from (2.2) and from the curvature identity that:

S a.C(g) = 3 auC(g),
reR wew

modulo complete contractions with three factors, which arise due to the curvature identity.

So we may assume without loss of generality that P(g)|2 consists of terms with two factors
VOIW,ik.

We can then again explicitly construct a divergence div;7"(g), in order to write (modulo
longer complete contractions):

P(g)ls — diviT"(9) = Y auCy,

weWw’

where the terms in the r.h.s. have the additional feature that none of the two factors V™ W, p.q
have internal contractions. The divergence div;7"(g) is constructed by the iterative procedure
used to prove (2.3). So we may assume without loss of generality that all terms in P(g)|2 have
this property.

Finally, by just keeping track of the correction terms of the form V*Wy, ® g in the “fake”
second Bianchi identities'®, we will prove that we can can explicitly construct a divergence
div;T%(g) such that:

P(g)l2 = (const)'C*(g) + diviT"(g), (2.4)
where C*(g) is the complete contraction |V (2 =2 W p.q|?.

Proof of (2.4). By virtue of the anti-symmetry of the indices ;, ; and j, ; and of the first
Bianchi identity in the Weyl tensor Wjjy, we see that (modulo introducing correction terms
with three factors), P(g)|2 can be expressed in the form:

P(g)l2 = a-[VE I Wapea|* +b- C*(g) + ¢ C(g),
where C?(g) is the complete contraction:
contr(Vr1 Ty o sWijk ® \VARRE 2 ngkl)
while C3(g) is the complete contraction:
contr(V,«l,,,T%_4sthjky ® Vh"'r%*“tyWSjk“).

We then only have to apply the “fake” second Bianchi identities from Chapter 2 in [3] to
derive that we can write:

C?(g yv G Wopea|” + 7yv GOV W (2.5)
By virtue of (2.5) we easily derive that we can construct a divergence div;7%(g) so that:

C2(g) — div;T'(g) = }v<ﬂ—2 Woabed|”

2(n —

(notice the constant is strictly positive)'.

'8 These are presented in Chapter 2 in [3].
9The divergence is constructed in the same way as in the proof of (2.3). We just “integrate by parts” the two
internal contractions °, s in the two factors in |V(773)VSWS]-M\2.
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In order to deal with the complete contraction C3(g), we will note another useful identity. Let
63(g) stand for the complete contraction (Vrlmr%%alW,-jkl ® V”"'T%_ﬂswajks); we also denote

by C"3(g) the complete contraction: (mer%_issWijks ® V”"'r%*i”twijkt). We then calculate:

(9) = 5C%) (2.6)

Thus, using the above we derive as before that we can explicitly construct a divergence
div;T"(g) such that:

C¥(g) — diviT"(g) = LC*(g). 2.7

Therefore, we derive that modulo subtracting a divergence div;T%(g) from P(g)|2, we may
assume that P(g)|o is in the form P(g)|y = (const) - |[V(Z =2 W2, [

A construction in the Fefferman—Graham ambient metric. The reader is referred
to the discussion on the Fefferman-Graham ambient metric from Subsection 3.2.1 in [3]. We

consider the local conformal invariant: C(g) = A§_2|R|§. Here we think of |}~2|§ as the product
gee gbﬁ g7 gdﬁéabcdéaw, where R is the ambient curvature tensor, g is the ambient metric tensor
and Aj is the Laplace-Beltrami operator associated to g.

We will show that there exists an explicit divergence div;T%(g), so that modulo terms of
length > 3:

C(g) = (const)C*(g) + div;T"(g). (2.8)

(Here the constant (const) is non-zero.) If we can prove the above then in view of (2.4) our
claim will clearly follow.

Proof of (2.8). We recall certain facts about the ambient metric The reader is referred to [18],
or Chapter 2 in [3]. Firstly recall that given any point P € M and coordinates {x!,... 2"},
there is a canonical coordinate system {t = 20,z ... 2", p} around the image P of P in the
ambient manifold (é, g). Recall that the local conformal invariant is evaluated at the point P,

and t(P) = 1, p(P) = 0.

Recall also that the vector fields X0, X1, ..., X" X are the coordinate vector fields %, cee
%, a%' Further, when we give values 0,1,...,n,00 to indices of tensors that appear further

down, these values correspond to the coordinate frame above.

Now, we recall some basic facts regarding the Taylor expansion of the ambient metric § at P.
Firstly, that 05§ = —2P% if 1 < a,b < n and 05§ = —2. These are the only non-zero
components of the matrix 9,,§° (with raised indices).

Now, in order to state our next claim, we recall that be stand for the Christoffel symbols
of the ambient metric. We recall that if 0 < a,b,¢ < n then 300be = FS(R), where the
expression in the r.h.s. stands for a tensor (in the indices g4, p, ©) involving at least one (possibly
internally contracted) factor of the curvature tensor. On the other hand, we also recall that if
1 < a,b,c < n then fgb = I'¢, (the r.h.s. stands for the Christoffel symbol of the metric g).
Finally, if 1 < a,b < n then fg" = —ga. Furthermore, we will use the fact that OsoGap = 2P
and also the formula (3.21) from [18]:

S ~ 2 s—1p  _ AsS—2vy7. pa
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(for s > 2; all other components aéz?,,oogAb vanish if A =0,00 and s >2;b=0,1,...,,n,00)%.

We calculate that for 1 < 1,5kl <nand1<a < § —2:

1

0% Rijr = (1) (n—=3)(n—4)---(n—2a)

AV Wi = ViWin] + Q(R)  (2.9)

(where if @ = 1 then the constant above is —12). Furthermore for 0 < o < % — 3:

1

B&Roojkl = (-1~ (n—3)Y(n—4)---(n—2—2a)

AO‘VSWSjM + Q(R) (2.10)

(where if @ = 0 then the constant above is —1=). Moreover for 0 < o < 2 — 4:

1

agoRoojkoo = (_1)a (n — 3)(n _ 4) . (n —4 — 204)

AVIW,i + Q(R). (2.11)

(The left-hand sides of the above are also known as Graham’s extended obstruction tensors,
see [20] for a detailed study of these tensors.)

Next, two calculations. Let F'(g) be any Riemannian invariant in the ambient metric g, with
weight w. (In particular, F'(g) will have homogeneity —w in ¢.) Then we calculate:

05 AG[F(9)] = AgL(g) + (2w + n — 2k)OLTF(g) + Q(R). (2.12)

L(g) is a Riemannian invariant of the metric g, not the ambient metric g, with weight w — 2k.
Q(R) is a linear combination of complete contractions in the iterated covariant derivatives of
the curvature tensor, and each complete contraction involves at least two such curvature terms.

A word regarding the derivation of the above: By the form of the ambient metric (see in
particular page 20 in [18]), we derive that at any point on the ambient manifold,

NF(@) = GIVIF(G) + 27 VL F(5) — 2620V G\ F ()

2,7=1
n n n n
=y g7 <3fj) - Zﬂ%%) F@) — | Y 3%+ Y §9T50x | F(3)
ij=1 k=1 ij—=1 ij=1

+ 2wt 05 F(§) — 26202 F (7).

Thus, if we take the kM derivative 8&12.)“00 of the above equation and then evaluate at ¢t = 1,
p = 0, we obtain the r.h.s. of (2.12) as follows: the term AyL(g) arises when all £ derivatives Ju

hit the factor F'(g) in > 7, gifag)F(g). The coefficient 2w arises from the term 8(()?OF(§)
in @(()QO)OF (9), due to the homogeneity w of F'(g) in 2% = t. The coefficient +n arises from the
term — szzl G I'720c. Finally, the term —2k arises when exactly one of the k derivatives 0o

8(2)

hits the coefficient —2t2p of the expression OsoooF (7). All other terms that arise are in the
form Q(R).
n_o .
Now, we can iteratively apply the above formula to obtain a useful expression for Ag |Rijki |§;

we consider Ag(Ag(... (\Rmkl@) ...), and we replace each of the Az’s according to (2.12), from
left to right. The resulting equation is:

C(g) = (const)’ - 80%0_2(‘Rijkl|§) + Cubic(R) + AyL(g).

2OQ(R) stands for a linear combination of partial contractions involving at least two curvature terms, as usual.
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Here the constant (const)’ is non-zero; this is because at each application of the identity (2.12)
we have —w + 2k + 2 = n, and w takes on the values —n + 2,..., —4; thus each factor in the
product is non-zero. Cubic(R) is a linear combination of Riemannian invariants with at least
three factors. L(g) is a Riemannian invariant (of the base metric g) of weight —n + 2.

Now, using formulas (2.9), (2.10), (2.11) and also the formula 0,,§°°*>° = —2, we derive that:

B2 R 12) = (L1)5 4 2. !
0% (|Rijkl\§)—(_1) {2 2@_3)@_4)...4

273 no_
+2; (2332) [(n?))(ni),..(n%)]

x[ !
(n—=3)(n—4)--- (44 2x)

2 _3viyytikl
WijklA2 Vin

} APV Wi A2 270V o W 3 " 0,07 (g)

fEF
+§2'4<g12> ' <gx3> ‘ [(n—S)(n—4).1..(n—21:—2)]
g [(n —3)(n— i) (4t 2x)} ATV WAL, Wk
Sl (1) ()
1 1
8 [(n—S)(n—4)...(n—4—2x)] ' [(n—S)(n—4)-(4+2x)]
X sttwsjﬂAZ4xvslt,WS’ﬁ’l} + Cubic(R). (2.13)

Here Cubic(R) stands for a generic linear combination of partial contractions with at least three
factors of the form V("™ R 4. The terms indexed in F are complete contractions in the form:

contr (AqvﬁaWabcd ® AqlvbaWaBCd)'

We will show below that by subtracting a divergence we can “get rid” of such complete contrac-
tions, modulo introducing correction terms with at least three factors.

Mini-proof of (2.13). This equation follows by an iterated application of the Leibniz rule?!.
Each derivative can hit either one of the curvature tensors Rijkl (g), or one of the metric ten-
sors §% (with raised indices).

Now, we have sums ) " in (2.13), to which we will refer to as the “first”, “second”
and “third” sum. Firstly, we observe that the expression WijklA%_?’V%Wtjkl (along with its
coefficient) arises when all § — 2 derivatives O hit precisely one of the two (ambient) curvature
tensors — we then use the formula (2.9). Secondly, we observe that the first sum arises when
all derivatives O are forced to hit either of the two (ambient) curvature tensors, and moreover
each curvature tensor must be hit by at least one derivative. Thirdly, the second sum arises
when exactly one derivative O hits one of the metric tensors g2 (recall that the only non-zero
components of 9§ are 0s§® = —2P%?2 and 0,,g°> = —2; notice that the first term may
be discarded since it gives rise to terms with at least three factors). Fourthly, the third sum
arises when exactly two derivatives s, hit metric terms §4? (a different term each). [

21Recall that we think of |I;?|§ as the product ga“gbﬁgcwd‘séabcd}%aﬁw.
22When 1 < a,b <n.
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Using (2.13) in conjunction with the formulas (2.5) and (2.7), we can derive (2.8). We can
explicitly construct a divergence div;T%(g) so that for every x:

Wi A2 3VIWIR — div, T (g)

= (CDIVIEL) VW © (VG 9) Ty, ik, (2.14)
ATV Wy @ A2 ™42V 0 WL — div, T (g)

= ()E VT W (V)T (215)
ATVEW g © A2 73727, W9R _ div, T (g)

= (CDEVIEL) VW @ (VD) (2.16)
ATVEW g @ AT 7270V, WK div, T (g)

= (~DEVE LV W @ (VE) T8y, (2.17)
> apCl(g) — diviT'(g) = 0. (2.18)

fer

All the above equations hold modulo complete contractions with at least three factors. We ex-
plain how the divergences for the above five equations are constructed. Pick out any Laplacian
A(= V%,),% appearing in any complete contraction above, and formally erase the upper index .
The resulting partial contraction is a Riemannian 1-tensor field with one free index ,. Now,
consider the divergence of this 1-tensor field and subtract it from the original complete contrac-
tion?4. The result (modulo correction terms with three factors that arise due to the curvature
identity) is a new complete contraction with one fewer Laplacian. We iterate this step enough
times, until in the end we obtain a complete contraction with no Laplacians. Observe that up to
applying the curvature identity (and thus introducing correction terms with three factors), the
resulting complete contraction is exactly the one claimed in (2.16), (2.17). In the other cases
some additional divergences need to be subtracted. For (2.14) we consider the upper index V* in
the right factor; we erase this index (thus obtaining a Riemannian 1-tensor fields) and subtract
the corresponding divergence. The result, up to applying the curvature identity, is the r.h.s.
of (2.14). In the case of (2.15) we perform additional “integrations by parts” by erasing first the
index ® in the first factor, and then the index y in the second factor. The resulting complete
contraction (after the curvature identity and formula (2.6) is the r.h.s. of (2.15). Finally, to
derive (2.18) we integrate by parts the index ? in the expression

tl...tq/T‘l...Tq

V(q+<1’) vﬁaWabcd ® v(a+d)

tl...tq/Tl...’r‘q

Vba Waﬁcd;

the complete contraction we obtain will contain two differentiated Weyl tensors, one of which

is in the form: V?.V“Wabcd. This tensor vanishes, modulo a quadratic expression in curvatures,

by virtue of the curvature identity. This concludes our proof of the above five equations.
Therefore, using the above formulas we derive that:

1
(n—=3)(n—4)---4

572015 : i n
0% "(|Rijwmil}) — diviT*(9) = (-1) {2 -2

273
+2; <2x2> {(n—3)(n—i)“'(n—2ﬂf)] [(n—3)(n—i)-~(4+2q:)

23A “Laplacian” here means two derivative indices that belong to the same factor and contract against each
other.
24 Further we refer to the subtraction of this explicitly constructed divergence as an “integration by parts”.
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n

" {<n—3><n—i>-~<4+2x>} *:Z_:Q(QIQ)Q'Q' (31_3) | (gf)
- [<n—3><n—4>-1--<n—4—2m>] ' [<n—3><n —14>-<4+2x>] }

X Vﬁ?ff%} VoW (VG735 -8y, Wik, (2.19)

The above holds modulo terms of length at least 3. Now, if we can show that the constant {-- -}
is strictly positive, we will have shown (2.8).

We limit attention to the terms in the first sum with x = y + 2, the terms in the second sum
with # = y + 1 and in the third sum with = y (for some given y, 0 <y < § —4). We observe
that:

2<§;§> [( 3)(n 4)'%-(n—2(y+2))] [(n—3)(n—4)'1-'(4+2(y+2))}

_o.42 72 '(51?)'{(n_3)(n—4)-~-1(n—2(y+1)—2)]

—_

e 1 |
y! (n=3)(n—4)---(n—4—2y)

1 (6+2y)(4+2y)  4+2y _
X[(n—3)(n—4)-~(4+2y)]{ (y+2)(y+1) y+1+4}_0‘

Now, the only terms we have not taken into account are the term 2 - QW, the term

in the first sum with £ = 1 and the term in the second sum with z = 0. But we observe that
those three terms add up to a positive number:

1 n 1 1
4(n—3)(n—4)-..4+2<§_2)'n—3(n—3)(n—4)---6

n 1 2 1
_2'4<§_2)n—3(n—3)2(n—4)--.4:4(n—3)(n—4)-..4>0'

Hence, using the above two formulas we derive that the constant in (2.19) is strictly positive
and thus we derive our claim. This concludes the proof of Lemma 1.1. |

3 The proof of Lemmas 1.2, 1.3, 1.4, 1.5

The three subsections below correspond to the cases s <o —2, s =0 —2, s =0 — 1. We also
prove Lemma 1.5 in the subsections that deal with the cases s=0 -2, s=0 — 1.
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3.1 The proof of Lemmas 1.2, 1.3, 1.4 when s < o — 2

Brief discussion. Recall the discussion regarding these lemmas in the introduction. Notice
that since s < 0 — 2 we have L* = J* = @ by definition; thus in this case we only have to
show Lemma 1.2. Therefore, we will show that there exists a linear combination of tensor fields,
(indexed in H below) so that:

3" apCl(br,. oo ds) —divi 3 anCl(r, o 6) = S apCl(gn,..., by),

feF* heH fEFOK

where the tensor fields indexed in FOX have all the properties of the “cumbersome” tensor fields,
but moreover have at most o — 3 factors in the form R or Avy. That will prove Lemma 1.2 in
this setting.

Rigorous discussion. We observe that the complete contractions in I 5(w1, ..., 1) that
have |A| > ¢ — 2 must be contractions C7 indexed in Fo=¢JF°~5~1JF°~*~2. We index the
complete contractions Cf with |A| = ¢ — 1 in the sets F|‘Z|ia_l, FIUATi;l_l, F&ij_l and the
ones with |[A| = o — 2 in the sets F|"A_|io_2, F|UA_|;_;1—27 F@i;z_w respectively. (Recall that the
upper labels stand for the number of factors VP)Ric or R in the contractions indexed in F; the
lower labels stand for the number of factors R plus the number of factors Avy,.) We claim:

Lemma 3.1. There is a linear combination of acceptable vector fields of length o, say
Y oheH ath’l(wl, ..., %s), so that in the notation above:

> agCf (1, .. 1)
PRy UF R U2 U R, UF L, U RS2,
—divi ) anCy (s ) = Y apCY (Y, 1), (3.1)
heH f€F|qA>‘0<’5i§

where the right hand side stands for a generic linear combination of acceptable complete con-
tractions in the form (1.4) with ¢ > 0 factors VP)Ric or R and with 6 > p and |A| < o — 3.

We observe that if we can show the above, we will then clearly have proven the remaining case
for our Lemma 1.2. So, the rest of this subsection is devoted to showing the above Lemma 3.1.

Proof of Lemma 3.1. We distinguish two cases and prove them separately. Either o < 5 —1
or 0 = 5 — 1. We begin with the first case.

Proof of Lemma 3.1 in the case o < % — 1. The proof consists of three steps, which
are spelled out along the proof.

We observe that each complete contraction in the form (1.4) with length o < 5 and weight —n
and |A| =0 — 1 (i.e. a total of o — 1 factors Ay, or R) must have the one factor that is not of
the form Ay or R being in the form:

a1...Gp—2(c—1)

V 2 Val...an_z(a_l) w}u (32)
ey

or in the form

a1.--Gp—2(c—1)

\Y val-“an—Q(a—l)72R1Can—2(a—1)71an—2(o—1) ' (3'3>
-z 2 2

Therefore all the complete contractions with |A| = o — 1 must have 6 > u + 4.
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First step in the proof of Lemma 3.1. Let F,_; = ﬂ"A|SJ 1 UF|UA|801 1 UF|UA|SUQ - We
claim that there is a linear combination of vector fields in the form (1.4) with length o, say

Y oheH ath’i(dJl, ..., ¥s) so that modulo complete contractions of length > o + 1:

> apCl(n,. 1) = divi Y anCr (i, 1)

feF,_1 heH
s w—l1
= Z (const),Cg' (Y1, ..., ¥s) + Z Z(const)q,wC;“’q(wl, ceys)
w=1 g=1
+ (ConSt)*C;(¢1a t ﬂvbs) + Z angZ(¢17 t 7¢s)a (34>
2€Z
where Cj (11, ...,1s) stands for the complete contraction:
ar...Qp— 2(0 1) _1 .
Contr<v Vai..a,_ 2(20'71)73R1Can72(2072)71an72(20'71)71

Q@ V®Ricey QRO 2@ A1 ®@ -+ ® A%),

whereas each C¢'(11,...,1s) stands for the complete contraction:

ai...Qp— 2(0 1)

: b
contr (V" Vst o Ry annn @Vt
-2 2 - 2 -

SRR AU @@ A, ® Al ),

and each Cg"%(¢1,...,15) stands for the complete contraction:

ai...ap— 2(0 1)

contr(V “'Vaian a1 1¢w VAL
n=2(o-1)

®RJ_S®A¢1®"'®A;ﬂq®"'®A{bw®"'®Aws)-

Finally, .., angZ(z/Jl, ...,1s) stands for a generic linear combination of complete contrac-
tions in the form (1.4) with |[A] < o — 3 and 0 > p + 2. Moreover, we claim that each of the
complete contractions C*, C%4, C* above has § > u + 4.

Proof of (3.4). We present the proof of this claim in detail, as the same argument will be
used repeatedly in many other instances. We have already observed that we can write out:

Z ang(zpl, co ) = (const)lC';(wl, ceny ) F Z(Const)ngH’y(wl, cey ).

fe€Fs—1 y=1

Here C! is the complete contraction with one factor as in (3.3) and ¢ — s — 1 factors R and s
factors Ay, ..., Ays. CT1Y is the complete contraction with one factor as in (3.2) and o — s
factors R and s — 1 factors Ayn,..., Ay, ... Ay, In particular, C! is in the form:

ar.--p—2(c—1)

contr (V val...an,g((,,l) _QRICG n—2(c—1) _lan72(o'71)
2 2 2

@RI @ A @ @ Ay). (8.5)
Now, if we can show that we can find vector fields

S anCli . bs), D anCl (1),

heHy heHsy
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so that:

Clpr, . be) = divi Y anCli (Y, ... 1)

heH,y
s s w—1
= ) (const),Cg(Y1,. .., 1) —i—ZZ const)qwCy (Y1, ..., Ys)
=1 w=1 g=1
(const) Co(r, . ) + Y a:Ch(ty, .., 1bs) (3.6)

z€Z

and

CIV(py, ) —dive > apCliipn, .. 4y

heH>
s s w—1
= ) (const),Cg(Y1,...,1s) +ZZ (const)qwCy (Y1, - - - Ps)
=1 w=1 g=1
(const) Colthr, -y the) + Y azCl (.. ), (3.7)

z2€Z

then clearly (3.4) will follow. We first prove (3.6).

Proof of (3.6). We define Cgf’al (1, ..., 1) to stand for the vector field that arises from C!
by erasing the index “ in the first factor (see (3.5)) and making the index ,, that is then left
into a free index. We then calculate:

Ca (1, .., s) — diva, Cp (1, .., 1)s)

—(0— s = 1)CLApr, ... b)) = D Cor (. wy),

h=1

where C14 stands for the complete contraction that arises in div,, Cy Lay (¥1,...,1%s) when Vg,
hits one of the factors R and C7" stands for the complete contraction that arises when V,, hits
the factor Aty,. Given CT4, we then define C’IAC” (11, ...,1s) to stand for the vector field
that arises by erasing the index 4, in its first factor (note it is a derivative index) and making
the index 4, in the factor V,, R into a free index. Also, for each h, 1 < h < s, we define C’é’h’al
to stand for the vector field that arises from C’g ’h(wl, ...,%s) by erasing the index 4, in its first
factor (note it is a derivative index) and making the index 4, in the factor V,, Ay, into a free
index. We then calculate:

[Cé(¢l) ey lbs) - diVa1C£7al (q;blv cee 71/}5)]

— (0= s — D)dive, CPY (41, ... 4hs) — divg, D CoM (g, 1)
h=1

= (0= 5= DO, 00) + D ChWr, ) + 3G, ). (38)

u=1 z2€Z

(We are using the notation of (3.4).) (3.8) just follows by the definitions. This proves (3.6).
Proof of (3.7). We denote by C’;I’y’*(wl, ..., 1) the complete contraction:

n— 2( 1)

Contr<A T, @ AR R @ Ay @ -- ®A2py®---®Aws).
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Then, by complete analogy with the previous case, we explicitly construct a divergence,
IT
divi Y ey ahC "1, ...y s) from Cg ¥ (a1, . .., 1bs) so that:

Oy ¥ (W, ) = divi ) anCy(wn, )

heH

= 7O (1, )+ CIW (g, 0) + Y a:CE (W, ). (3.9)

y'#y 2€Z

Now, clearly C’H’y’ (11,...,1s) is not in the form C* or C* above. Also, for each of the

complete contractions Cy v (11, ... ,%s), we inquire whether y > ' or y < ¢/. In the first case,
we actually have a complete contraction in the form C%" that is allowed in the right hand side
of (3.7). So in that case, we keep the complete contraction C¥¥'.

In the second case, C¥¥ is not a complete contraction in one of the forms on the right hand
side of (3.7). Now, by repeating the same argument as before, it follows that we can explicitly
construct a divergence div; ) ,cp ath}f ’i(1/11, ..., 1) such that y < 3 and deduce that modulo
complete contractions of length > o + 1:

CHY (P, ... hs) — divi D anCi(n,. .., 1bs)
heH
= CYY (P, ) + > a:Ch(n, .. ),
z€Z

CIV gy, 1) — divi Y anCli (i, .., 1))

heH

= CU (1., + Y azCh(Y, .. hs).

z2€Z

Thus, we have shown (3.7) and therefore (3.4).

A study of the complete contractions with |A| = o — 2 in (3.1). Now, we focus
on the complete contractions in the index sets F'¢, ¢ > 0 in (3.1) that have |[A|] = 0 — 2. We
have observed that only complete contractions in F2~%, F°~5~1 and F°~5~2 can have |A| =

o — 2. We have denoted the respective index sets by F|UA|SO , C P78 F‘”A‘SU1 5 c po—s-1

and F|"A‘3022 C Fo=572, (Clearly, since we are dealing with the case s < o — 2, each complete
contraction C/ indexed in one of the three sets above must have at least one factor R. Hence
(by the “Important remark” in the introduction) it follows that each complete contraction Cf

above has § > u + 2. Therefore, by the definition of F| Almo—20 W€ derive that we can write out:

Z ang(zpl,...,z/zs): Z ang(z/Jl,...,ws)

feFNZ, - feR N2, oA
+ Z afcéc(wla"'vws)"i' Z afcg(wla"-a¢s)-
feFNZ, 2 n feFN s
Here ) rer, ang (11, ...,1s) stands for a linear combination of complete contractions

in the form:
T1..7p

contr(V‘“ ay® | Ricy © V4V | Ricyy @ R0 AG ® - @ Aws), (3.10)

with 6 > p + 2 (we observe that all the indices ,,,...,,,:,; in the first factor that are not
involved in an internal contraction must contract against an index ,,,..., .., in the second
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factor and vice versa). Y ferT=s a ng (¢1,...,1s) stands for a generic linear combination
|Al=0c—-2,B

of complete contractions in the form:

pRleL] ® vbl...byvg?)mzqwh ® RO’—S—Q

1.7

contr (V‘”"‘“‘V(p)
®A%®---®A%®---®A¢s), (3.11)

with 0 > p+2 and where y+ ¢ > 2 (but the second factor is not in the form Ay, by definition)
and where as above all the indices ,,...,r,,i,; in the first factor that are not involved in an

internal contraction must contract against an index ,, ..., ., in the second factor and vice versa.
Finally, > FEFE e a ng (11, ...,1s) stands for a generic linear combination of complete
contractions in the form:

contr(V‘“"““ VP Ly @ VOt gy @ RO

21...2q

®A¢1®---®Ai/}h®---®A{bh/®---®Aws), (3.12)

with 0 > p+2 and where t+p, y+¢q > 2 (and neither of the first two factors is of the form Auy)
and all the indices ,...,,, in the first factor that are not involved in an internal contraction
must contract against an index .., ..., in the second factor and vice versa.

Similarly, we see that we can write out:

Yo @O ) = Y @Ol + Y apCf (Y1),
FEFL, FEFGZY 0 FEFG2 0 s

where > rergsy! a ng (11,...,1s) stands for a generic linear combination of complete con-

=0—2,a

tractions in the form:

contr (val---atv(”ﬂ Rij ® Vbl“'bsvg‘f)__zqwh ® R°—s1

1. Tm
®AY @ @AY @ @A),

with 6 > p + 2 and where s + ¢ > 2 and where as above we observe that all the indices
Fire - srmais jr ko1 10 the first factor that are not involved in an internal contraction must contract
against an index ..., ., in the second factor and vice versa.

Also, > feFTl, afC’f; (¥1,...,1s) stands for a generic linear combination of complete

contractions in the form:

contr (V‘“"'“‘V(m) Rijkl X Vbl'“bsv(Q) qRiCi’j’ ® RO—572 QAY R ® Aws), (313)

T1...Tm Z1...2
with 6 > p + 2 and where as above we observe that all the indices i,...,7,,4,j,k,¢ in the
first factor that are not involved in an internal contraction must contract against an index
215+ zgr ity j¢ 0 the second factor and vice versa.

Finally, it follows that:

S apCi(, ) = DY apCl (1),

—s—2 —s5—2
VS N ferN 2,2y,
where fepos2 @ ng (¢1,...,1) stands for a linear combination of complete contractions
[Al=0—2,y

in the form:

contr(val'“‘“v(p) Riji @ VP9V Ry @ RO 2@ A @ -+ ® m/;s) (3.14)

T1...Tp Z1.--2q
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(all the indices ;... ,,,i,j, k> 1 in the first factor that are not involved in an internal contraction
must contract against an index ,,..., .., .y in the second factor and vice versa).
Second step in the proof of Lemma 3.1. The second step consists of proving the
equations (3.15), (3.16), (3.17), (3.18), (3. 19) (3.20), (3.21) below. We firstly claim that
we can subtract a divergence, div;) ;g ahC (1/11, ...,%s), from the sublinear combination

ZfeF ang (11,...,1s) so as to obtain an equation, modulo complete contractions of
\A\

length 2 o + 1:

S apCl(r,. ) —divi Y anCot (. 1) (3.15)
NN heH
:(CODSt)l'C;(¢1,~~',1/)S)+ Z afcg(wla--~a¢s +Zaz wla"'a¢s)a
fEFI"Alé'U1 25 z€Z'
where C} (11, ..,vs) stands (as before) for the complete contraction:

contr (Val.”a%74i‘jvt(7,?i3)%_4RiCij ® Vi/j,RiCi’j’ QR 2QAY @+ ® A¢s);

while FeRTIt, . ng (11,...,1s) again stands for a generic linear combination of complete

contractlons 1n the form (3.13) and ) ., a.C7 (41, ..., 1s) stands for a generic linear combi-
nation of complete contractions in the form (1.4) with length o, 0 > p+ 1 and |A| =0 — 3.
Next, consider the linear combination } ; po—s afC’g (¥1,...,%s). We then claim that

|Al=
there is a divergence of a vector field, div; ),y ahC’g (1/)1, ..., %), so that, modulo complete
contractions of length > o + 1:
S apCl(r,. e —divi Y anClt (. 1bs) (3.16)
feFrA\So' 2,B heH

:ZCOHSt ¢17"'aws)+ Z afcg(wla“'vws +Zaz 1/11» "a¢s)a

IS N, 7
where the complete contractions Cj (¢1, . .., %) are in the form (3.11) with every index involved
in an internal contraction, and the linear combination »___ a,C5 (1, ...,1s) is the same as
n (3.15).
Finally, we consider the linear combination ) fery @ fC’f; (V1,...,1s). Just by swit-

\
ching two factors, we assume that h > b’/ 111 (3. 12) We then claim that we can construct

a divergence of a vector field, div; Y )y ahC’ (1/11, ..., %), so that, modulo complete contrac-
tions of length > o + 1:

Z angf(wl,...,z/JS)—diviZath’i(wl,...,z/zs)

f€F|UA\So 20 heH
s h—1
=3 (const) gy - COM (b, ) + D aCl(n, - 1), (3.17)
h=1h/=1 z€Z!
where the complete contractions C’Z]L H (1,...,%s) are in the form (3.12) with every index in-
volved in an internal contraction and the linear combination ) .,/ a,Cy (11, ...,1s) is the same

as above.
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More claims. We now consider the generic linear combinations » fero—s—1 a ng (Y1, . s),
|Al=0—-2,a

> feros- ' afC’g(wl,...,i/)s). In order to state our next claims, we define two complete
|Al=
contractlons C’; (11, ...,1s) will stand for the complete contraction:

p_2g il . e
(:ontr<Va1 dnpe Vay.anos  Rijkl ® Ric" @ R 2 ® AP ® -+ ® AT/’s);
g
and C;+’h(w1, ..y s), 1 < h < s will stand for the complete contraction:

aj...an—2s il ; g
contr(V - VA lRijkl ® V]kwh ® RC—51
n—20

®A¢1®...®A@h®...®Aws).
Moreover, we define 03(1/11, ...,%s) to stand for the complete contraction:
ai...0n—20 _3'” ad ik o—s—1
contr(V 2 Vai.anse Rijt ®V RT3 ® R RAYY R ® A”L/JS).
2

Next claims. Consider the linear combination ) sermt 1, ng (Y1,...,%s). We claim
|A

that there is a divergence of a vector field, div; Y,z ahC (wl, ..., %s), so that, modulo com-
plete contractions of length > o + 1:

S apCi(r,. . 0) = divi Y anCt(, . )

o—s—1 heH
feFm\aza €

Z const C;+’y(¢1,...,ws )+ Z aCg (1, .., s), (3.18)

z€Z’!
and furthermore, for each C*t+¥ we have §(C*tH") >y 4 2.
On the other hand, we consider the linear combination Zfng 1 afcg(wl, o s). We

then claim that there is a divergence of a vector field, div; ZheH ahC’g’i(lbl, ...,%s), so that,
modulo complete contractions of length > o + 1:

S apCl(n, . ) — divi Y anCli(ar, . bs) (3.19)
feF|aA\50125 heH
- Z afcg(?/)h--.ﬂ/)s)-f-(COHSt)”'C;(¢17-~7¢s + Zaz @Z)lw--ﬂ/Js)
feF‘(jA‘sL.,lQ,y ZEZ/

and furthermore for C*, we have §(C*) > p+ 2. (For the definition of - po—s-1 -+,

[Al=0—2,y
see (3.14).)
Finally, we claim that there are divergences of vector fields, div; Y ;5 ahC’g (1, ... ,1s) sO
that:
Cr (W1, s) — divi > anCli (i, . . 1hs)
heH
:Cg(¢1?"‘7w8 + Zaz wla"'aws)a (320)

zeZ’!
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modulo complete contractions of length > ¢ 4+ 1 and also:
CrHP @, . pe) = divi Y anCpi(n, . ) = Y a:Co(n, .., ), (3.21)
heH 2€Z!

modulo complete contractions of length > o + 1.

We will now derive (3.15), (3.16), (3.17), (3.18), (3.19), (3.20), (3.21). Before outlining the
proof, however, we note that once we show the above equations, we can derive that there is
a linear combination of acceptable vector fields, >,y ahC;}’Z(zpl, ..., s), so that:

Z a’ngf(wlu'-wwS)
f€F|UA\:U—1UF\27|ig—1UF|UA\20 TUFR Zo 2UF\JA\1G QUF|A7\20 2

— div; Z ahC;” (Y1, ,9s) = (const)x - CF (Y1, ..., Ys)

heH
s s w—1
+ ) (const)y. - CY* (b, .. hs) + Y D (const)y g - Col(thy, . .., 1bs)
= w=1 g=1
+ (const)ﬁCg(%, ceys) + Z a;Cg (1, )s). (3.22)

zeZ’

Proof of (3.15), (3.16), (3.17), (3.18), (3.19), (3.20), (3.21). The divergences needed
in all the above equations are constructed “by hand”, by consecutively picking derivative indices,
making them into free indices and taking the corresponding divergence. As the proof is essentially
the same for the equations (3.15), (3.16), (3.17), (3.18), (3.19), we will only demonstrate the
first one. Afterwards, we show (3.20) and (3 21).

We consider a complete contraction C (11,...,1s) in the form (3.10). We first show that
modulo 1ntrodu(:1ng complete contractlons of length > o + 1, we can subtract a divergence

divi ) pen ahC “(41,...,1s) from C (11, ...,1s) and obtain:

T—o—4

CI(tr, . bs) = divi > anCpi(en, ... 1hs) = (const) - Co7 (Y1, . ., 1s)

heH =2

+ > apCl (W) + Y a:Cl(n, ), (3.23)

o—S !
FEFAIZo-2,8 w2z

N

where Cg'" (11, ..., 1) stands for a complete contraction in the form (3.10) where and all the in-
dices vy, ..., rprisjand 2, ..., 2,4, are contracting against a derivative index (such a complete
contraction has ¢ > p + 2) and also the first factor has t = v.

We observe that once we show the above, we can then repeat the proof of equation (3.9) to
this setting to find a divergence div; Y, ath’i(wl, ..., 1) so that for each v:

Com (W ) = div 3 anCli W 15)

heH

= Co(r, .y the) + Y azCE(hn, . 1), (3.24)

zeZ'

modulo complete contractions of length > o + 1.

Then, combining equations (3.23) and (3.24), we will deduce (3.15).

We show (3.23) by an induction. Firstly let us observe that the maximum value that ¢ can
have for a complete contraction in the form (3.10) is § + (0 — s). If 6 = § 4 (0 — s) then all
indices appearing in (3.10) must be involved in an internal contraction (and thus there is nothing
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to show). Now, let us suppose that Cg(q/)l, st has 6 =P>p+2% P <24 (0c—s). We

then construct a vector field C’Z; "(¢1,...,1s) so that modulo complete contractions of length
>0+ 1:

Cgf(wla B 71/}S> - divicghi(wlv o 71/15)
= (Cf);(¢1a7¢s)+ Z afcg(wlanwws + Zaz ¢17---77/Js)- (325>

fGFfMSg 2.8 zeZ!
Here (C1), (1)1, ...,1s) is a complete contraction in the form (3.10) with § = P + 1. Clearly, if
we can shovv the above then by iterative repetition (3.23) will follow.

The vector field Cg iy, . ,¥s) needed for (3.25) can be easily constructed. We observe
that since 0 < 5 — 1 and the weight is —n, we have that at least one of the first two factors
in (3.10) has at least four indices. With no loss of generality, we assume it is the first factor,
Var.-at fof?_,rpRicij for which ¢ + p +2 > 4. Moreover, since we are assuming 6 < § + (o — s), it
follows that at least one of the indices ,,...,r,, i, iS not contracting against an index 4,,...,q,-
That index can either be a derivative index (say ,, with no loss of generality) or—if all the indices
15+, are each contracting against one of the indices 4, ...,q, — an internal index (say ; with
no loss of generality).

In the first case, we define C’g’i(wl, ..., 1) to be the vector field obtained from C be erasing
the derivative index ,, in the first factor and making the index " in the second factor in (3.10)
into a free index. We check that for this vector field, (3.25) indeed holds.

In the second case, we see that since t + p + 2 > 4, we can apply the second Bianchi iden-
tity (modulo introducing a complete contraction that will belong to the linear combination
ZfeF afC’g(wl, ...,%s)) and be reduced to the previous case, where the index ,, is

\A\
not Contractlng against one of the indices 4,,...,q,- Thus, we have proven (3.15). The equa-

tions (3.16), (3.17), (3.18), (3.19) follow by essentially the same reasoning.

We now show (3.20), (3.21). In both cases, we define Cg’l(zpl, ..., 1s) to stand for the vector
field obtained from C’;(l/q, ..., s) and C;Jr’h (11, ...,1s) respectively, by erasing the derivative
index * in the first factor. Then, for (3.21) we define

D anCyt (W, ths) = Ct (i, 4hy).

heH

Since CT1" has § > 1+ 2, we observe that if V; in divng’i(l/Jl, ..., 1) hits the first factor, we
cancel out the complete contraction Ct+". When V; hits the second factor, we get a complete
contraction that is equal to a complete contraction of length 041 (this is due to the antisymmetry
of the indices ;, ;). If it hits one of the other factors, we get a complete contraction that belongs
to the linear combination ), a,C5 (Y1, .., 9s).

The case of (3.20) is more complicated. We again consider the same vector field Cg’i(wl,
.., 1) as above. We then observe that modulo complete contractions of length > o + 1:

Cr(r, . bs) = diviCl (P, . ) = Ch(hr, - s) + > azCa(in, ..., 0),  (3.26)

zeZ'’

where C’ is the complete contraction:

contr (A2 71OV Ry @ VERTF, @ R7T72 0 Ay @ - @ Agy).

25This inequality holds by virtue of the “Important remark” in the introduction, and because of the fact that
s<o—2.
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Notice that since o < § — 1, we have t > 1 derivatives on the first factor. We then apply the
second Bianchi identity and write:
Cl(t1, ..., ) = contr(AZT1 IV R, 0 @ VI RIF,
QRS TT@ Ay @ - @ Avy). (3.27)

We then define Cg’i(wl, ..., 1) to stand for the vector field that arises from the right hand
side of the above by erasing the index * in the first factor and making the index ; that it
contracted against in the second factor into a free index. We observe that:

Co(1, ... 0s) — diviCe (hr, . 1he) = Ch(pr, b)) + Y azCE(thr, ... 1bs). (3.28)
z€Z’!
Therefore, combining (3.26), (3.27) and (3.28) we have that the vector field needed for (3.20)
is precisely:
> anCP (W, ) = Co Ny, ) = Co (s ).

heH

The third step of the proof of Lemma 3.1. In view of equation (3.22), by subtracting

the divergence div; Y,y ahC “(Y1,...,1s) from I5(¢1, ..., 1s), we have obtained a relation,
modulo complete contractions of length > o + 1:

Io(r, o ythe) = divy 3 anCt(ihn, . he) = Y wiCet (W, ..., ¥s)

heH I€L,

+) 0 a;C(n, .. ) + Z D apCl(ir, ... 0s) + (const), - Cr (i, . .., 1bs)

jeJ q=1 feFa
] s w—1
+ ) (const)y. - CY* (b, ... hs) + Y Y (const)y g - Col(thy, . .., 1bs)
= w=1 g=1
+ (const)ﬁcg(v,bl, ceys) + Z a;Cg (1, 1)s). (3.29)
zeZ’

We next claim that (const),, (const), «, (const), ¢, (const); = 0; if we can prove this, we will
then have proven Lemma 3.1 in this case where s < o — 2.

We first prove that (const), = 0. We denote the r.h.s. of the above by Z,(¢1, ...,s). Clearly,
an ¢1,--~7¢s)d‘/};:0-

We now apply the “main conclusion” of the super divergence formula to this integral equation
(see [1]), deriving an equation supdiv[Ij(¢1,..., s, Q77%)] = 0.26 We focus on the sublinear
combination supdiv, [I;(¢1,. .., %5, 277%)] of complete contractions with § = 0, s factors Vi,
and 0 — s — 2 factors V(2. Since the “main conclusion” of the super divergence formula holds
formally, it follows that:

supdiv, [Z,(¥1, . . . ,1bs, 277%)] = 0, (3.30)

modulo complete contractions of length > o + 1.
Since each C/ in (3.29) has |A| < o — 3, it follows that:

supdiv, [Zy (11, . .., 15, Q77%)] = (=1) 2 (const) - CZ (1, ..., vbs),

26Recall that I5 (Y1, .. 9s, Q77 %) stands for the linear combination that arises from Ig(v1,...,%s) by formally
replacing each factor ngl’),,,rp Rici; # R by V“’H) Q) and each factor R by —2AQ.

T1...Tpt]
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where C7 (1, ..., 1s) is the expression:

Yo—s— .- Ws L1.. xn —0
com‘cr(Vy1 Y 201 (V ARV, . g g+29)

DV,Q® QY . ,Q® Vit ®~--®vws¢s). (3.31)

Since this complete contraction is clearly not zero, we deduce that (const), = 0.

Showing that the other constants in (3.29) are zero follows essentially the same pattern. We
next show that each (const), . = 0. In order to do that, we again consider the main conclusion of
the super divergence formula applied to Zg (1, ..., 9s), supdiv[Zy(¢1, ..., ¢, Q77%)] = 0. We
pick out the sublinear combination supdiv,, ,[Z,(¥1,. .., s, Q277%)] of complete contractions
with length o, 6 = 0 and s — 1 factors Vo, h=1,...,9,...,s and 0 — 2 — (s — 1) factors V.
Since the main conclusion of the super divergence holds formally, we deduce that:

supdiv,, , [17 (Y1, ..., 95, Q7 %) =0, (3.32)

modulo complete contractions of length > o + 1.
Analogously to the previous case, we deduce that:

Supdiv**,y[I; (wlv ctty %» QO—_S)} = (_1)% (COHSt)%* : ng(%’ e >¢s)7

where C7* (11, ...,1s) is the complete contraction:
contr <vyl~.-y07571’w1...’u§y...’ws (vm Th—ot2() ® Vxl oy J+27/}y> (3'33)
BV @Yy . ARVt ® - @Vihy @ ® vws¢s). (3.34)
Therefore, we deduce that each (const), , = 0.

To prove that (const),, = 0, we again consider Z,(v1,...,1s, Q°7%),%" for which
Japn Zg(h1, - - - 1bs, 277%) = 0. We apply the super divergence formula to this equation (see [1]),
der1v1ng a new local equation, supdiv[Z,(¢1, ..., 15, Q277%)] = 0; we pick out the sublinear com-
bination supdiv, ., (y.q)[{g(¥1, .. ,ws, Q" #)] of complete contractions with length o, 6 = 0 and
s — 2 factors Vd}h, h=1,...,w,...,4,s and o0 — s factors V). Since the super divergence
formula holds formally, we deduce that:

SUPAIV ey (1) [ (U1, - 105, Q77%)] =0, (3.35)

modulo complete contractions of length > o + 1.
We now claim that:

SUPAIV e (1 0) 15 (101, - - 05, Q77°)] = (—1)%(const)ﬂ-C;“"m(lbl,...,ws), (3.36)

where C7** (41, ..., 1s) is the complete contraction:

A 2 xX1...T
Contl"(Vyl"'ya_s_QZlmzwmzqwzS (V v n70+2¢w ® vm xn g+2¢Q)

®vy19®-~®Vyc,SQ®vwlzp1®-~®v¢w®~--®v¢q®-~-®vw5¢s). (3.37)

In order to see this, we recall that we have already shown that (const),, (const)rz,y «, (const). q
= 0, and also each other complete contraction C in (3.29) has |A| < 0 —3, hence each complete
contraction of length o in each Tail[C/] can have at most o — 3 factors VQ or Vi,,. Therefore,

we deduce that (const)(, q) = 0.

27See the “Main consequence” of the super divergence formula in Subsection 2.2.3 in [3].
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Finally, to show (const); = 0, we again consider Z, (1, ..., vs, Q77572 28 for which we have
an Zg(Y1, ..., Ys, 90_3_2)(11/9 = 0. We apply the super divergence formula to this equation,
deriving a new local equation: supdiv][[, ;(1/11, oy 1hs, Q97572)] = 0; we pick out the sublinear
combination supdiv,,,,[Z; (11, . .., s, Q°7°72)] of complete contractions with length o, § = 0

and s factors Vi, and o — s — 2 factors V(2. Since the super divergence formula holds formally,
we deduce that:

Supdiv,,.,, [Zy(tn, ., e, Q73] =0,

modulo complete contractions of length > o + 1.
Analogously to the previous case, we deduce that:

supdiv,,,, [15(1/}17 oy Ysy 907872)] = (_1)% (COl’lSt)ﬁ ’ C;xxx(wla e 7w8)7 (338)

where C7**® (1,...,1s) is the complete contraction:

120 _g_ot'l i 1 i
Contr<vyl~.-y0757221...zs (V 1T% g2 lek ®vz1‘..x%_a_2i1Ri’Ml/)

® vle Q& Vy07572Q ® vw1¢1 - ® Vwﬁﬂs)-

Hence (const); = 0. We have shown Lemma 3.1 in the case 0 < § — 1.

Proof of Lemma 3.1 in the case o = % — 1. The case 0 = 5 —1 follows similarly. In this
case, we can apply the same method of explicitly constructing divergences to show that there is
a linear combination of acceptable vector fields, >,y ath’i(wl, ..., %s), so that (3.22) holds,
where in this setting Cj(¢1,...,s) is in the form:

contr(VaRicai ® VbRicé QR 2QAY ® - ® A@Z)S),
whereas C* (11, ...,1s) is in the form:

contr (V*Ric; ® Vi, @ R @ Aty ®@ -+ @ Athy @ -+ ® Athy),
and CZ" (11, ...,1s) is in the form:

contr(Ve, @ Vi @ R 2R A1 @ - @ Ahy @ -+ @ Athy @ -+ @ Avy),
and finally Cg(z/q, ..., ¥s) is in the form:

contr(V*Rijra @ VPR7F, @ R7 72 @ Ay @ -+ @ Agy).

Therefore, by subtracting the divergence div; ),y ahC'g’i(@Z)l, oy s) from I5(31, ... 1)s),
we again obtain (3.29) (modulo complete contractions of length > o+1), with the new notational
conventions of this setting.

Hence, if we could show that (const), (const)y ., (const), 4, (const); = 0, we will then have
proven Lemma 3.1 in the case o0 = 5§ — 1.

Now, we show that (const),, (const)rr,y, (const),, 4 = 0. As before, we take supdiv[Z,(¢1,. . .,
s, 2°7572)] and focus on the same sublinear combinations supdiv,,supdiv,,,supdiv,,, as in
the previous case, and then observe that the same equations (3.30), (3.32), (3.35) also hold in
this case. The complete contractions C*, C** C*** are the same as in equations (3.31), (3.34),
(3.37), where we set 0 = § — 1.

Now, in order to show that (const); = 0, we apply the same method as for the previous case:
We consider and focus on the sublinear combination of complete contractions with length o,

28See the “Main consequence” of the super divergence formula in Subsection 2.2.3 in [3].
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0 = 0, and s factors Vi, o0 — 2 — s factors V). We denote that sublinear combination
by supdiv,,..[I; (1, .. L5, Q°7572)]. By the same arguments as before, we again deduce an
equation (3.38), where C**** here stands for the complete contraction:

contr(vyr--yws*zr--% (V' Rijit ® Vi RF))
RVLQAR @V, ARVt @ ® vws%)‘
We thus deduce that (const); = 0 in this case also. [

3.2 The proof of Lemmas 1.2, 1.3, 1.4 and Lemma 1.5 when s = o — 2

We observe that if o < § — 1 then u < 3.
three subcases are (0 < 5 — 1,4 < 5), (0 <
Firstly, we consider the subcase where o

We distinguish subcases, based on ¢ and p. Our
5—Lu=%),ando=7%5—1.
<g-—landp<3.

Proof of Lemma 1.5 when s = 0 — 2, o < 3 — 1. Consider P(g)e,_,.* We pick out the
sublinear combination of complete contractions in the form:

contr(Val“‘atV(ml)I/Vijkl ® Vbl'“bsv(m?)Wi/j/w & (Pé’)”_2)-

We index those complete contractions in the set ©%_,. We then easily see (by repeating
the explicit constructions from the previous subsection) that we can subtract a divergence from
P(g)lex_, so that, modulo complete contractions of length > o + 1:

P(g)

o: , —div; Y anC™(g) = (const)oC*(9) + Y _ a:C*(g),
heH teT

where C®(g) in the complete contraction in the form:
contr (A2 T2V IW, @ VIV W, @ (P2)772), (3.39)
while®® >, a;C*(g) stands for a linear combination of complete contractions in the form:
contr (V-4 V MW,y @ V-0V MW @ VI Py @ (P2)778)

(with fewer than o — 2 factors P¢ and with § > p).
Therefore, from now on we may assume with no loss of generality that the sublinear combi-
nation P(g)|e:_, is precisely (const),C%(g). [

Proof of Lemmas 1.2, 1.3, 1.4 when s =0 — 2,0 < 5 — 1, u < 5. We again observe
that the complete contractions in Ij(¢1,...,%s) with [A] > o — 2 will be indexed in the
sets F2, F'' and3! in this case, also in the sets J and L, where for each C!, [ € L and each CY,
§ € J we recall that C!, C7 are in the form (1.4) with no factors V® Ric.

We now again consider Ij(¢1, ...,%s), written out as a linear combination in the form (1.5).

We recall the definition of the index set F™* (see the notation above Lemma 1.2). It follows
that F* = F2_||JF2 ,|JF}_, (vecall that the upper labels count the number of factors V) Ric
or R and the lower labels count the value of |A[). Furthermore, since P(g)|e, is “good”, it follows
that Ly, = @, while >, ;. a;Cy (Y1, ..., s) = (const)Cy(¢1,. .., 1s), where Cy(¢1, . .., 1) is the

2Recall that ©,_2 stands for the index set of complete contractions in P(g) (which are in the form
contr (VW @ - @ VW @ VWP @ ... @ V(@) P) with length ¢ and with ¢ — 2 factors V() P.

If o = 2 — 1 then C“(g) is in the form contr(V' Wijp & VW @ (P&)"~2).

31Recall that F'? C F stands for the index set of complete contractions with ¢ factors V® Ric or R.
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complete contraction contr(Agf"*QV”Rijkl RV R QA1 @ -+ ® At)g) or contr(ViRZ-jkl ®
Vi RTH @ Ay @ -+ @ Agy).

A study of the sublinear combination ZfGFg_l afC;(qpl, .+ .y %s). As before, we see

that since |A| = o — 1, s = 0 — 2 for each Cf, f € F2_,?? it follows that each C/, f € F2_
must have at least one factor R and will hence have 6(C/) > 1+ 2 (by the decomposition of the
Weyl tensor).

As before, it follows that:

o—2

Z afcg(wlv e 7w8) = (ConSt)@Cg@(wlu e 7w5> + Z(COHSt)uC;L(¢1, e 7w8)7
u=1

feF?_,
where here C’g@ is the complete contraction:
COHtI‘(A(%_J)R QRRAY @+ @ Athy_s),
and Cg(¢1,...,9s) is the complete contraction:

contr(A(%_JH)@bu QR?® A ® A;ﬁu Q- Q& A¢a—2)~

As before, we denote by > ., a.C7(¢1,...,9s) a generic linear combination of complete
contractions in the form (1.4) with length o, |A] < 0 —3 and § > pu+ 1. It follows as in
the previous subsection that we can construct a vector field ),y ath (41, ...,1s) so that,

modulo complete contractions of length > o + 1:

> apCl(n, .. ws) —divi Y anCl (Y, 1)

fer?_, heH
o—2
= (const);C';(zbl, ceyts) F Z(Const);’uC;’“(wl, ooy )
u=1
oc—2q—1
+ZZ(CODSTZ)!7( '(q, (¢17"'7¢8 + Zaz Q;bla'-',d}s)?
q=1 w=1 z€Z’
where C;(K/)l, ..., %) is the complete contraction:

contr(A(%_U_l)R QARQAYYI ®--- @ A@Z}UfQ)’
Cé’u(wl, ..., 1) is the complete contraction:
contr(A(%*"fl)R R A%, @ RQ Ay ® A;ﬁu R ® A¢a—2),
w) (11, ...,1s) is the complete contraction:
contr (A2 hy @ R? @ A%py @ Ahy @ Athy @+ @ Apg ® -+ @ Apy_3).

This follows by the same explicit constructions as for equation (3.4).
A study of the sublinear combination }_;p2 , ang('zpl, .oy Ps). We claim that

Zfer_Q afcg(wl, ...,%s) can be expressed as:

Y arCi(r, ) = > aCyr, ) + Y anCo(thn, 1)

feF?_, veVr veVs

32Recall that the subscript ,_; means that |A| = o — 1 for the complete contractions indexed in F2_,.
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+ 3 aCy (W, 1) + (comst)spec - CP (1, -, 1), (3.40)
veEV3
where > v ayCP (1, ..., 1s) stands for a linear combination of complete contractions in the

form:

contr(V‘“ aryy (p) (0 ® Vb byVZI quﬂw@Rz

T1...Tp
DAY @ DAYy @ @ Ay @ -+ @ Ady), (3.41)
with 6 > pu+ 2. ZUGVQ a,Cy (1, ...,%s) is a linear combination of complete contractions in the

form:

Contr(val -atyy(p) Yy @ Vbl...byvg?“zqmcij QRIAYI @+ ® Aqu R ® A%), (3.42)

T1...Tp
with 0 > p+2. 37 v ayCg (11, ..., 1s) is a linear combination of complete contractions in the
form:

contr (V- VP | Ric; @ V-V | Ricyy @ Ay @ -+ @ Aghy), (3.43)

with 6 > p + 2. Finally, Cg"*“(¢1,...,;) stands for a complete contraction in the form:
contr(AG "IV, RO VIR® Ay @ -+ @ Ayy),

where 6 > p+ 1.

(3.40) follows by the definition of > fep» apart for the claims regarding the numbers of
internal contractions in the different factors. We check these claims by virtue of our assumptions
on /7. Firstly, polarizing the function ¢, we write out Ij as a linear combination of contractions
in the form:

Contr(val"'atv(m)kal vbl buv(mv S)Wi’j’k’l’
2 vvl...vzv(P1+2)¢ QR ® vyl...ywv(pﬁ?)l/,), (3.44)

Now, using the decomposition of the Weyl tensor we decompose the above complete contractions.
As noted in the introduction, we observe that each complete contraction with a factor R must
have § > p + 2, This shows our claim for (3.41) and (3.42). Moreover, we recall that all
complete contractions C'(g), | € ©,_o with s factors P? are in the form C¢, as in (3.39).
Hence, by applying the decomposition of the Weyl tensor to the complete contraction C'%, we
see that the contribution of C* to the linear combination ferz_, @ fo is precisely the complete

contraction CP*° (times a constant). For each other complete contraction C!, 1 € ©,_2\0% ,, we
have that C! o (U1, ..., s), written in the form (3 44) does not have s factors Ay, (by definition).
Hence, each complete contraction Cf, f € F _o, in the decomposition of each Ct (1/11, cey ),
l € O,_9\ 0O} _, must have § > p + 2. This Shows (3.43).

In view of (3.40), and by applying the same “by hand” technique as for equation (3.4), we see
that we can find a vector field ),y ahC'g’i(@Z)l, ..., ¥s) so that modulo complete contractions
of length > o + 1:

Z afcg(wlv o 7¢s) - le’L Z ahCE}]L’i(wla ce 711}8) = (COHSt)!C;(¢1> ce 711)8)

feF2_, heH

o—2 o—2q—1

+ Z(const)g,uq!]’“(wl, coths) + Z Z(const)h(q,w)C;’(q’w) (U1, ..., 0s)

u=1 q:l w=1
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+ > P, e+ Y aCE (Y, ), (3.45)
pep2ozrt? z€2’
where Zp P2t apCl (11, ..., 1) stands for a linear combination of complete contractions in
o—2

the form (1.4) with length 0, s =0 — 2, |A] =0 —2 and ¢ = 1 and also § > p + 2. The “by
hand” construction of the vector field for (3.45) is the same as the proof of equation (3.4), with
the slight caveat that we now also have the complete contraction CP°. In particular, since we
only know that § > p + 1 for C°P°°) we have to check that we get no correction terms of the
form (1.4) with ¢ = 1. But this follows by the form of C*P°“  i.e. that we have two factors VR,
so we never have to introduce correction terms by virtue of the second Bianchi identity.

A study of the sublinear combination ZfEF;_z ang(1,b1, «. .y ®s). We claim that

this sublinear combination will be of the form:

S arCln, ) =Y aaCl(thr, 1)

fer) deD
+ (const)lgCg’B(wl, ooy Ps) + (const), CF (Y1, . . ., s), (3.46)
where ), p ang(wl, ..., 1) stands for a generic linear combination of complete contractions

in the form (1.4) with length 0, s =0 —2, [A] =0 —2 and ¢ = 1 and also § > u + 2 (just
like the linear combination ZpEPffZZ““ apCl (11, ..., 1s) in (3.45)), while Cgﬁ(wl, ..., s) is the

complete contraction:

contr(AG " AVIR, 1 @ VIFR @ Ay @ - - @ Ayy), (3.47)
with 6 = 3 > p+ 1, and Cy (41, .. .,9,) is the complete contraction:

contr (A2~ "IVIFR @ VI Ry @ Ay @ - @ Ay, (3.48)

with 6 = § > p+ 1.
Observe that the sublinear combination

(const)sCy (Y1, - - 1bs) + (const), Cg (Y1, .., )

above is exclusively the contribution of the complete contraction C'* in I® to the linear combi-
nation ZfeF;,Q ang(zpl, ...,%s). (The fact that such contractions in the forms (3.47), (3.48)
do arise in the decomposition of C* can be directly checked.)

Now, we check that the contribution of all the other complete contractions in I® (i.e. other
than C?) to the sublinear combination ZfGFUl_2 ang(wl,...,z/JS) is indeed »_;cp ang(wl,

.., 1g), as described in (3.46).

But this is straightforward to observe. We only need to check that each Cé(z/fl, .o, s) in

the form (3.44), with 6 > p and with less than s factors Aty can be written out as:

2
Colthr, s ts) = Y aaCy(hr, o)+ > > apCl(n, ... ,1b), (3.49)

deD ¢=0 |A|<0-3 fequA‘

where Y, adC’gwl, ...,1s) is as above. (3.49) just follows by the decomposition of the Weyl
tensor.

Now, we seek to “get rid” of the complete contractions C?, CV. We construct vector fields
CPi, C7 ) where CP* arises from CP by erasing the index 7 in the second factor and making
the index ; that it contracted against in the first factor into a free index . C™' arises from C7
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by erasing the index 7 in the first factor and making the index ; that it contracted against in
the second factor into a free index ;.
We then observe that modulo complete contractions of length > o + 1:

Co(W1, o ) = diviC (b, . ths) = Y azC2(dhn, ., bs),

zez’!
Oy (1, s) = diviCY i (1, 90s) = D azCg (1., 4hs).
zeZz’
Next, we claim that we can subtract a divergence ), ahCZ,L ’i(zpl, ..., ¥s) from the linear

combination ), ang(¢1, ..., 1s) so that:

> aaCl(hr, . bs) = divi Y anCli(ihn, ..., ) = (const)s - Cp (¢, .., 4bs)

deD heH
S
+ Z(COHSt)?‘Lu : C;?’U(T/)h cee 7¢s + Z az 7/}1, ce. 7¢3)7
= zeZ’
where C; (11, ...,1s) is the complete contraction:

contr(A( )V”kal ® Ric’* @ AP R ® A¢s),
and it has § > p + 2, while Cg??’"(wl, ..., 1) is the complete contraction:
contr(AG T DVIR, 4 @ VIR, @ Ay @ -+ @ Ath, @ -+ - @ Aby),

and it has 6 > p+2. This follows by 1m1tat1ng the proof of the previous case. Then, we explicitly
construct a vector field ),y ahC "(¢1, .. .,1s) so that:

(const)s - Cg(wl, conys) Z(const)?fg’u : Cg?’“(wl, ooy s)

— div; Zahcg’i(@/}l,...,ws) (const)y - (wl, o s) F Z a5 (1, .., s),

heH zeZ’
where C_g(@bl, ...,%s) stands for the complete contraction:
contr(AG"AVIR, 1y @ VIV Ry, @ Ay @ - - @ Agy),

which has § > p + 1. ‘
Now, recall that by our lemma’s assumption L; = &, and EjeJ* a;Cy (1, ... ) =

(const)”Cg(wl,...,z/JS). Therefore, by our study of the three sublinear combinations

Zf@m JEERE ZfeFE,z s ZfeFf,l -+ - we have shown that we can subtract a divergence from I°*
so that:
Io(r, o ths) = dive 3 anCli(n, . bs) = > aiChty, . )
heH lEL,,

2 o-3
+ D aiCI )+ D> Y D apCl(hr, . ) + (const) - Cp (i, .., bs)
jeJ\J* q1=0v=0fc it

s w—1

+ Z(const)y,g CCY (Y1, 1bs) + Z Z(const)w,q : C;’w’q(wl, e s)
=1

w=1 g=1
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+ (const)sCh(hr, .. 1he) + Y azCE(hn,. .., bs).

zeZ'

Here each C!, CJ has |A| < 0 — 3. We then apply the exact same proof as in the third step in
the previous subsection to show that (const); = 0, (const), 1 = 0, (const), 4 = 0, (const); = 0.
We have thus shown our claim in the case s =0 — 2, p < 7. |

The proof of Lemmas 1.2, 1.3, 1.4 when s =0 — 2, 0 < 5—1 and p = 3. In this ca-
se, we have that P(g)|e,_, can be written out as follows:

P(g)le,_, = Y aC'(y),

leL

where each C!(g) is a complete contraction in the form:
contr (ACOVIW, iy @ AT, Wik @ Ales) pa g ... g Alee) pay, (3.50)

This is true by virtue of the fact that each C'(g), | € O,_» must have § = 2. We assume
with no loss of generality that the last ¢ — 2 factors are arranged so that ag > aq4 > -+ > ap.

We denote by Ly C L the index set of the complete contractions C!(g) with ag = - - = a, = 0.
We claim that:

> aCl(g) =0. (3.51)

leLg

We observe that if we can show this, we will then have shown our claim. This is because
every complete contraction C'(g), I € L\ Loy will have a factor A(® P with a > 0, hence each
complete contraction C*, C7, Cf in (1.5) will have a factor V)¢, with p > 3 and two curvature
factors that are not R (scalar curvature). Hence, if we can show (3.51), we will have shown the
remaining cases of both our Lemmas when p = 5 and o0 < § — 1.

We will, in fact show a more general statement: We denote by L. C L the subsets of complete

contractions in the form with ag = v, a4 = -+ = @, = 0. We will then show that for each
v > 0:
> aCl(g) =0. (3.52)
leL,,

We show the above by an induction. Let us assume that (3.52) is known for every vy > ;.
We will then show (3.52) for v = ;. By our inductive assumption, we may cross out from P(g)
the sublinear combination . . ZZELW a;C'(g). Now, we consider I (Y1, ..., ¥s). We pick out
the sublinear combination of Iy (11, ...,1,) of complete contractions in the form:

contr (ACOVIW, 1y @ ACDT, WK @ Aty @ Ay @ -+ ® Apy_s) (3.53)

(we make the convention that oy > ag).
Clearly, if we can show that modulo complete contractions of length > o + 1:

I;,'Yl (1/)17 s 71/}8) = 07

we will then have shown our inductive claim.
By the transformation law of the Schouten tensor under conformal re-scalings (see [3]), and
by virtue of our inductive hypothesis (3.50) for v > 71, we deduce that we can write out:

Lo,y ths) = I (1) + D auCa (@, 0) + D auCa (¥, 1), (3.54)

uely uelUs
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where each C* is in the form (3.50), and for u € Uy oy, > 0 for at least one h > 0, while for each
u € Uy we have that as < ;.

We now use the silly divergence formula for I7 (recall this formula from [1]), by integrating by
parts with respect to the derivatives on the factor V(@)1 We denote the silly divergence formula
for I° by silly[I;]. We focus on the sublinear combination silly, [I;] of complete contractions in
silly[/;] in the form:

Contr(vtlu.tﬂﬂ A(al)vile‘jkl ® vtlmtﬂﬂA(az)vi,llwi/jkl/
QY1 QAP @ -+ ® Ahy_). (3.55)

Now, let us write out Iy (41, ...,%s) in the form:

Igﬂl(ﬂ)l,---,ws Za(pq djla"'?ws)a

(p,9)

where C(”9) stands for the complete contraction in the form (3.53) with oy = p, az = q. We
then denote by Cép D the complete contraction that arises from C'®%) by replacing the factor
Aty by a factor ¥y (with no derivatives) and hitting the factor A(p)V“Wijkl by derivatives
Vi-tn+1 and the factor A(q)Vi/l/Wi/jkl, by derivatives th--~tn+1 (we are using the Einstein
summation convention). We then make three claims. Firstly:

silly [I5] = 27> () CPDH 4y, 1bs).

(p,q)

Now, for each P94 above, we denote by C’ggp’q)’ﬁ’b(wl, ..., 1) the complete contraction that
arises from it by replacing the two factors th'“tﬂ“A(O‘l)V”Wijkl, thmtvlﬂA(QQ)Vi/l,Wi,jkl/
by factors Vi-tn+1 ACDYIR, thmtﬂﬂA(O‘Q)Vi/l/Ri/jkl'. Our second claim is that modulo
complete contractions of length > o + 1:

S 4 CPDE W, . 1) =0

(p,q)

Our third claim is that from the above we can deduce that each a(,q) = 0. If we can show
the above three claims, then clearly (3.52) with v = v, will follow.

We begin with our first claim. For each complete contraction Cy(¢)1,...,%s) in (3.54), w
denote by sil[Cy(¢1, ..., 1s)] -1 the sublinear combination of complete contractions in the right
hand side of silly[] 5] This notation extends to linear combinations. The silly divergence formula
just tells us that:

SIS (4, )] + D asil[CY(r, - )] + Y ausil[C(ty, ..., 1hs)] = 0

ueUy u€eUs

If we can show that for u € Uy|JUs, sil[Cy] contains no complete contractions in the
form (3.55), our first claim will then follow.

This claim is trivial for the complete contractions Cy, u € U;. We notice that if Cj has
a factor Ay, @ > 1, h > 1, then each complete contraction in sil[Cy] will have a factor
VP, p > 2a > 2. On the other hand, for each u € Us, we observe that each complete
contraction in sil[C_}]‘] will have less than ~; + 3 indices in the first factor V(m)Wijkl contracting
against indices in the second factor V(m/)Wijkl. So we indeed see that sil[C;], u € Us has no
complete contraction of the form (3.55). Therefore we have shown our first claim.
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Now, we check the second claim. We write out silly[I(¢1,...,%s)] as a linear combination
of complete contractions in the form (1.4). We define sillyg,o.[I5(¥1,. .., %s)] to stand for the
sublinear combination of complete contractions with s — 1 factors A, ..., Ay, one factor

and two factors V(™) Rijkis V(m/)Ri/j/k/l/ with ~1 + 3 particular contractions between them. (We
write V(m)Rijkl, V(m/)Ri/j/k/l/ but there is no restriction on the particular contractions of the
indices 4, j, ks 154 j/» k> 1/ 1.€. We can have 4, , contracting between themselves etc.) Since the silly
divergence formula must hold formally, we deduce that:

Sﬂlepec[Ig(wla e ﬂps)] =0, (3.56)

modulo complete contractions of length > o + 1.

Moreover, clearly any complete contraction Cg(v1,...,1,) in the form (3.50) with either
a factor VP, p > 3 or with less than v, + 3 pairs of particular contractions between
the first two factors V(m)Wi]-kl, V(m/)Wijkl cannot contribute to the sublinear combination
sillygpec (15 (¥1, - - -, ¥s)]. Hence, we derive that sil[Cy], u € Uy |J Uz do not contribute to the sub-
linear combination sillygp,e.[I;], whereas by virtue of the decomposition of the factor VWi,
we have that:

Sﬂlepec[Igj(wlw-wwS ZQ’YlJrl a(pq)C ﬁL(¢17--~’¢s)+Zatcg(¢17--~7¢s);

(p.q teT

where each is in the form (1.4) with either two factors of the form V)R, V®) R 33 or one factor
of the form V(® R and one factor of the form V(m)Rijkl where none of the indices ;, j, i, ; are
contracting between themselves. In fact, in order to distinguish these two cases we break the
index set T' into subsets 11, 1> accordingly.
Now, since (3.56) holds formally we deduce that modulo complete contractions of length
>0+ 1:
Z atC’;(z/Jl, ce ,ws) =0
teTh
Then, again since (3.56) holds formally, we deduce that modulo complete contractions of length
>0+ 1:
> aCh(r,. . 1) =0
teTr
Therefore, we have shown that modulo complete contractions of length > o + 1:

Za CPDE gy, ) = 0.

Clearly, since the above holds formally, we can deduce that for each different pair (p,q) we
must have:

a(p’q)(jép,qmb(wl’ obs) =0,

and since each complete contraction C’;p ’q)’ﬁ’L(wl, ..., %) is not identically the zero contraction,
we deduce that each a(,,) must be zero. This was our third claim. We have thus shown our
inductive statement, and we have proven our claim in the case s =0 -2, 0 <g-1, u=5. B

The proof of Lemmas 1.2, 1.3, 1.4 when s = 0 — 2 and o = % — 1. We observe that
any complete contraction C'(g) in P(g)|,, when ¢ = % — 1 must be in the form:

Contr(v(m)Wijkl ® V( )W/ Gk X V(pl)P ab Q- ® v(ngg)Pa,b/)

must have exactly two derivatives (i.e. m+m'+py +--- +po_3= 2) and moreover § < § — 1.34

33Recall that R here is the scalar curvature.
311t follows easily that in this case p < 5
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We distinguish two cases. Either p =5 — 1 or p < § — 1. We start with the first case. Then
we see that:

P(g)le,_, = (const) - C(g),

where C(g) is the complete contraction:
contr (V' Wi @ Ve W @ (Pg)7=2). (3.57)

We will show that (const) = 0. This follows easily by the silly divergence formula. We
consider I7(¥1,...,s). It follows that:

I‘;(@/Jl,...,ws) =gl Cg(%,- . '7¢S)7

where Cy(11,...,1;) is the contraction:
contr(VlWijkl & Vl/Wijkl/ RAYY Q- ® A?,/)g_z).

We consider silly[/;], with integration by parts with respect to VP, and we focus on the
sublinear combination:

silly | [Igs(wl, coyths) = (const)’-contr(VZaWijkl ® Vy Wi & P RAY ® - ® Awa_g).

It follows by the same arguments as before that silly  [I ;] = 0, modulo complete contractions
of length > o + 1 and that (const)’ = 2 - s!(const), and hence we deduce our claim in the case
p=735—1

Now, the case u < § — 1. We notice that in this case, the sublinear combination of complete
contractions C(g), | € ©,_» that have o — 2 factors P2 is precisely of the form (const) - C(g),
where C(g) is in the form (3.57) (since P(g)|e,_, is assumed “good”). We can then prove our
claim in this case by exactly applying the method of the case 0 = § — 1 when s < o — 2. |

3.3 The proof of Lemmas 1.2, 1.3, 1.4 when s = o — 1,
and Lemma 1.5 when s =0 — 1

In this case, we follow the same pattern as in the two previous ones. We begin by a trivial
observation regarding the maximum value that y can have?®. By virtue of the formula I, 7 “L(p) =
%|tzoent¢P(e2t¢g),36 and since we observe that any complete contraction in the form (1.3)
with length o and o —1 factors P must be zero, modulo complete contractions of length > o +1,
we observe that necessarily p < 5 — 1 in this case.

We again distinguish the two cases p = 5 —1 and u < § — 1. We start with the second case.

Proof of Lemma 1.5 when s =0 — 1, p < % — 1. We focus on the sublinear combination
of complete contractions C!(g) in P(g)|e,_, that have o — 2 factors P2. We denote their index
set by ©F | C ©,_;. By the usual “manual” construction of explicit divergences it follows
that we can subtract a divergence div; ),y apC™(g) from P(g)]G;r 80 that modulo complete

contractions of length > o + 1:

— div; Z anC"(g) = (const)y - CV(g) + ZatCt(g) + Z ay,CY(g),

heH teT yey

P(9)lor

o—1

35Recall that p stands for the minimum value of § = dw + dp among the complete contractions C'(g), | € ©,.
% Thus in particular the terms of length o — 1 in IJ ~'(¢) arise from the sublinear combination P(g)e,_, by

just replacing each factor V&‘f)ﬂ“ P, by _ylet?) 0.

T1...7q 1]
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where CV (g) is the complete contraction:
contr(A%_("_Q)_SV”Wijkl ® Pi* @ (Pg)"_z),

and where each C¥(g) is in the form (1.3) with at least two factors V™ W;;z;. Also, each C?(g)
is in the form (1.3) with ¢ > p and also with less than o — 2 factors P2.

Now, we observe that C'V (g) has § = 2 — 1 > p+ 1. Therefore, if we define CV*(g) to stand
for the vector field that arises from CV(g) by erasing ? and making ; in the first factor into
a free index, we will then have:

CV(g) — div;CV(g) Zaycy g)+ Zadcd(g)
yey deD
Here each CY(g) is as above, while each C’d(g) has 6 > p and also has strictly less than o — 2
factors P¢. Thus, by subtracting the divergence divi[ZheH anC™(g) + (const)y - CV’i(g)]

from P(g), we may assume with no loss of generality that P(g)|e, , contains only complete
contractions with at most ¢ — 3 factors P!. We will be using this fact below. [

Proof of Lemmas 1.2, 1.3, 1.4 when s = 0 —1, u < 5 —1. We focus on I (¢, - )3T
for the global conformal invariants P(g) above, and we decompose the Weyl tensors (i.e. we
write I7 as a hnear combmatlon in the form (1.5)). In the notation of the introduction, we have
that F *— L UF;

We flrst focus our attentlon on the sublinear combination F!_;. As in the previous cases, it
follows that we can write out:

Z ang(wl,...,ws) = (const); - C;(wl,...,ws + Zau (Y1, .., 0s),

fer |

where C; (11, ...,1s) stands for the complete contraction:
contr(A(%*”)R QAYI Q- ® A%)a

while C;‘(djl, ...,%s) stands for the complete contraction:
contr(AG =7y, @ Ay @ ... Ay, -+ ® Ahs @ R).

We observe that each of the above complete contraction has 6 = 5 + 1 > pu + 2. As before,
we can explicitly construct a divergence div; ) ahC’;” (41, .. .,1s) such that:

S

> apCl(, ) —divi Y anCri(, ) = > (comst)e uCot (1, -, )

fer; heH u=1

s q—1
+ Z Z(const)*v(qM)C;’(q’w) (1/)1, s ,lﬁs + Z a,C wl, . ,¢5),

q=1w=1 zeZ'
where Cg" (11, . ..,1s) stands for the complete contraction:

contr(A( “DReA® Y @AY ® - - ®A;/Ju®"'®A¢s)a

#"Recall that I3(¢) = :T'Zh:o(emd’Png) and that Ij(v1,...,vs) arises from I;(¢) by just polarizing the
function ¢.
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while C’;’(q’w) (11,...,1s) stands for the complete contraction

contr(AG =y, @ APh, @ Ah1 @ -~ @ Ay @ -+ @ Athy @ - -~ @ Aghy),

and > 7 a.C5(¢Y1,...,1s) stands for a generic linear combination of complete contractions
with [A| <o —3and 0 > p+ 1.
We next focus our attention on the sublinear combination ZfGFch ang(wl, ..., s). Since

P(g)|e,_, has no complete contractions with o —2 factors P¢, it follows that any C’g(z/zl, cey s),
f € F} , must have § > u+2. Therefore, as in the previous subsection, we can construct a vector

field Y c ath’i(z,Z)l, ..., 1) so that, modulo complete contractions of length > o + 1:

S

> apCl(n, ) = Y anCri(, ) =Y (comst),  Cot (¢, .. ., s)

fGFl 9 heH u=1

S —1
+> Z(const)fk’(q,w)C’;’(q’w)(wl, )+ D@l ) + Y aCi(, ).

g=1w=1 beB z€Z!

Here the complete contractions C*%, C*(%%) are the same as above, while > beB abC'g(wl, ey ts)
stands for a linear combination of complete contractions in the form (1.4) with length o, § > u+2,
g=0and Al =0 —2.

Finally, we focus on the sublinear combinations in Ij (¥1,...,1s) which have ¢ = 0 (i.e. we
consider the complete contractions that are indexed in the sets L, J in (1.5)3%). Now, since we
have that each C'(g),l € ©,_1 has less than ¢ — 2 factors P2, it follows that all the complete
contractions in L,, J in (1.5) must have |A| <o — 3.

Then (by the usual construction), we can construct a linear combination of vector fields,
Y oheH ath’i(lﬁl, ..., 1) so that, modulo complete contractions of length > o + 1:

D anCo(r, . ) — divi > anCl (.., 1hs)

beB heH
S
= (const) L CL" (W1, ... ) + > azCh(tr, ... 1bs),
= zeZ’!
where CgL’u(@ZJl, ...,1s) is the complete contraction:

contr(A(%_(“_g)_?’)vil&jkl QVIFY, QAYI @ - @AY, @ -+ ® Alﬂs),

which has 6 > p + 2, and where >, a.C5(¢1,...,1s) is as above.

Moreover, we define C;’u’i(@/}l, ..., 1) to stand for the vector field that arises from CgL’“(wl,
.., %) by erasing the index * and making ; into a free index. We then observe that, modulo
complete contractions of length > o + 1:

C;’u(¢17,,,7w5)—diviC§’u’i(¢1’,,,’¢s Zaz wlw"?ws)‘
zeZ'

In conclusion, we have shown that we can subtract a linear combination of divergences from
I3 (¢1,...,1s) so that, modulo complete contractions of length > o + 1:

I(t1, .y ths) — diviCR (hr, . hs) = Y aC (W, ) + > a;Ch(thn, .., 1bs)

leLy, jedJ

38These sets index the complete contractions in I; with no factors VP Ric.
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+ > arCl(Wr, ... s) + > (const), uCo™ (1, .. ., ¥s)
u=1

feFN\(F;_ UF;_,)

s g—1
+ Z Z(const)*7(q7w)0;"(q’w) (V1,...,0s) + Z a;Cg(1, .., 1s).

=1 w=1 zeZ’

(The terms in the second line are not generic linear combinations — they stand for the original

linear combinations in I7(¢1,...,%s) as in (1.5).)
Then, using the super divergence formula as in the previous subsection, we deduce that
(const)y,, = 0 for every u = 1,...,s and (const), (4 = 0foreveryg=1,...,s,w=1,...,¢—1.
Therefore, we have proven Lemmas 1.1, 1.3, 1.4 when s =0 — 1 and u < § — 1. |

Now, we consider the subcase where y = § —1. We see that in this case (modulo introducing
correction terms with length ¢ and two factors V™ W;;x), we can write out P(g)|e,_,:

|@a 1 Za”‘/ d}l""a’(bs +Za€ ¢1""7¢8)a

yel ecE

where each C7(g) is in the form:

contr (A VW, @ AP PIk g ALY Pl g ... g AlPr—2) po) (3.58)
(we are making the convention that p; > -+ > p,_2), while each C*(g) is in the form:

contr (AVIW, 1 @ APIVEP] @ ABITYpE o Al pe g ... @ Alee—3) pa) (3.59)

(we are making the convention that p; > -+ > ps_3).
Now, a small observation. For each C7(g) with 8 > 0, we can construct “by hand” a vector
field C7(g) so that:

C(g) — diviC7"(g) = > _ a,C¥(g) + Y _ a:C'(g) (3.60)

yey teT

where each CY(g) is a complete contraction in the form (3.59) and Y, a:C*(g) is a linear
combination of complete contractions in the form (1.3) with at least two factors v(m) Wijki. The
above holds modulo complete contractions of length > o + 1.

In view of (3.60), we can assume that each C7(g) in P(g)|e,_, has 5 = 0.

We then define T’y to stand for the index set of the complete contractions in the form (3.58)
with 8 =0, py =k >0 and pa,...,ps—2 = 0. We observe that, by definition:

3" a,C7(g) = (const),. - C™(g),

vel,
where C*(g) is in the form (3.58) with 8 =0, p1 = Kk, p2 = -+ = ps—o = 0 and with a =
n
5—(0—2)—3.
We will show that under the above assumptions, for each x > 0:
> a,CY (.. 1) =0, (3.61)
yel,

modulo complete contractions of length > o + 1.
If we can show the above, we then see that we will have shown Lemmas 1.1, 1.3, 1.4 in
this setting. This is true since if we consider any P(g) with P(g)|e, , that satisfies (3.61)
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and we then write out Ij(¢1,...,%s) by decomposing the Weyl tensors, then each complete
contraction C»*, €/, CV in I* must have at least two factors V()¢ with t > 3 and at least one
factor either in the form V(m)Rijkl, m > 2 or in the form V®Ric, p > 2.

We show (3.61) by an induction. We assume that (3.61) holds for each x > k1 and we will
show it for x = k1. We consider the silly divergence formula for I7(1, ... ,s) — we denote it by
silly[Z; (41, . .., 9s)] — and we focus on the sublinear combination silly,[/;] that consists of the
complete contractions in the form:

contr(Vy,..p, AETOAB=0IGIR, 0 @ Vi-tniby) @y @ Ahs ® -+ ® Ahs_a). (3.62)
We then make two claims. Firstly, that modulo complete contractions of length > o + 1:

SlllY* [Ig(¢17 SUR) ¢S)] =0,

and secondly that:

. s K _3 K
SlHY*[Ig(¢17 o s)] =2 1%(CODS’E),{I ) Cgl(¢17 s s),

where Cf is in the form (3.62). Since C"! is clearly not identically zero, we will then deduce
that (const),, = 0, and we will have shown our inductive claim.

We begin with the first claim. We initially denote by silly +[I;] the sublinear combina-
tion in silly[] 5] that consists of complete contractions with length o and a factor o, factors
Ats, ..., Ahs_o, a factor VE1 T2y with no internal contractions and a factor V(m)Rijkl (where
now we are allowing any two indices in this last factor to be contracting against each other). In
other words, we are looking at the sublinear combination of complete contractions in the form:

contr(V(m)Rijkl ® V('“H)z/n QU RAY3® - ® Al/Js), (3.63)

where V(#112)4, has no internal contraction.
Since the silly divergence formula holds formally, we deduce that:

silly  [1;] = 0,

modulo complete contractions of length > o + 1.
We are now in a position to show our first claim above. By just applying the decomposition
of the Weyl tensor, we calculate:

silly , [I5(41, - )] = silly, [T (e, .., )] + (const) - Ch(apn, ..., by), (3.64)

where C¢ (11, ...,1s) is the complete contraction:

contr(th'”t'ﬂ”A(power)R @ Vit 21 ® P2 @AY @ --- @ AT/Js)'

Now since silly [I5(¥1,...,%s)] = 0, we may derive that the second sublinear combination
in (3.64) vanishes separately®. Hence we derive our first claim, that silly,[I oW1, s)] = 0.

We now proceed to the second claim. We would like to understand how the sublinear combi-
nation silly [I7] is related to Ij(¢1,...,1s). Given that 4= § — 1 in our case, while silly_ [I7]
consists of complete contractions with factors Avs, ..., A, 1, it follows that a complete con-
traction Cy(¥1,...,%s—1) in I (where Cy is in the form (3.44)) can only contribute to silly_, [1]]
if it has factors Ats, ..., As_1. (Otherwise, it must have at least one factor AYy,, v > 3 with
y > 2). Moreover, since the complete contractions in silly , [1 5] each have a factor V"1 t2), with

39Using the operation Sub,,, defined in the section on technical tools, in the Appendix of [3].
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no internal contractions, it follows that a complete contraction Cy(¢1, ..., v¥s-1) in I (where Cy
is in the form (3.44)) can only contribute to silly  [I;] if it has a factor VWi with no internal
contractions (in the form (3.44)). Moreover, since we are considering complete contractions in
I3 (1, ..., 9s) with 6 = § — 1, it follows that y = 2, and therefore the two indices 4, j in the
factor Vﬁ)wl must be contracting against two internal indices in the one factor V(") Wijr (other-
wise, if they contracted against at least one derivative index, we must have at least one pair of
antisymmetric indices ;, j or , ; in V(m)Wijk.l both involved in an internal contraction, but such
a complete contraction must clearly be zero modulo complete contractions of length > o + 1).

Therefore, we have that the complete contractions in I, g(wl, ...,1s) that contribute to
silly  [15 (1, - - . ,1s)] must be in the form:

contr(A(a)VilVVijkl ® ij@h ® A(B)?b RAY3 R - ® Albs)-

We denote the above complete contraction by Cyg B (11, ...,1s). We recall that by our inductive
assumption, each Cy Bin I 5 must have B < Ki1.

Clearly, we also observe that for each Cy P above, the contribution of Cy P to silly +[I;] can
only be in silly[Cg‘”B] if we integrate by parts all the 23 indices (*,4,),..., (%, 4,) in the factor
A(’B)Q/}g and we make the derivatives V... V% hit the factor V(m)Rijkl and the derivatives
Vays--- ,VCLB hit the factor V(Z)wl. We observe that otherwise, we will either have an internal
contraction in the factor VP, or a factor VP, p,h > 3, or a factor V®ey,t > 1, or
a factor V)4, with an internal contraction.

We denote the complete contraction that we thus obtain by égo‘ B Moreover, we clearly
observe that unless § = ki, C'go‘ # does not belong to silly , [I gs] To summarize, we have seen
that silly  [/;] is the sublinear combination in } Vel ayCq (1, ..., 1) that consists of complete
contractions in the form (3.63).

We will now demonstrate our second claim. We employ the decomposition:

n—3_,
p— 2V "Riji + (const)lvgkR + (const)s ARgjy.

i
V Wik =

We deduce that:

Slly, [I3(n, . ta)] = 3 0y B2 0T, ).

n—2
’YGchl

This shows our second claim.
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